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The  purpose  of  this  book  is  to  explain  the  scientifio  principles  of 
the  aciion  of  "  Prime  Movers,"  or  machines  for  obtaining  motive 
power,  and  to  show  how  those  principles  are  to  be  applied  to 
practical  questions. 

It  has  been  deemed  advisable  to  prefix  to  the  Treatise  a  veiy 
brief  Historical  Sketch,  relating  chiefly  to  the  Steam  Engine,  the 
only  prime  mover  whose  history  is  known. 

The  body  of  the  work  commences  with  an  Introduction,  treating 
of  principles,  and  of  mechanical  contrivances,  which  are  common 
to  all  prime  movers,  and  of  the  laws  of  the  strength  of  materials, 
so  far  as  they  are  applicable  to  those  machines.  Some  passages 
in  the  Introduction  are  extracted  from  a  previous  Treatise  on 
Applied  Meckanics,  and  abridged  or  amplified  as  may  be  required, 
in  order  to  suit  the  purpose  of  the  present  Treatise.  Such  passages 
are  indicated  by  the  letters  A.  J/.,  with  a  reference  to  the  number 
of  the  corresponding  Article  in  that  work. 

The  first  part  following  the  Introduction  treats  of  the  use  of 
muscular  strength  to  obtain  motive  power. 

The  second  part  treats  of  prime  movers  driven  by  the  motion  of 
▼ater  and  of  air,  including  water-pressure  engines,  waterwheels, 
turbines,  and  windmills. 

The  third  and  lai^est  part  treats  of  engines  driven  by  the  me- 
chanical action  of  heat,  and  especially  of  the  steam  engine.  It  ex- 
plains, in  the  first  place,  the  phenomena  of  heat,  so  far  as  they  affect, 
directly  or  indirectly,  mechanical  action  in  engines;  secondly, 
the  laws  of  combustion  and  properties  of  fuel,  and  the  principles 
upon  which  economy  of  fuel  depends;  thirdly,  the  laws  of  the 
action  of  heat  in  producing  motive  power,  or  "Principles  of 
Therxodynauics,"  as  applied  to  the  various  engines  in  which  that 
action  takes  place,  and  especially  to  steam  engines  of  all  varieties; 
fonrthly,  the  natui*e  and  action  of  the  parts  of  fuma<;es  and  boilers; 
fifthly,  the  nature  and  action  of  the  mechanism  of  steam  engines. 
The  fourth  part  explains  the  principles  of  the  action  of  electro* 


magnetic  engines;  bat  yexy  hriefij,  in  oonsicLeration  of  their  small 
impoitanoe  as  prime  movers,  and  absence  of  economj;  the  true 
practical  use  of  electro-magnetism  being,  not  to  drive  machinery, 
but  to  make  signals;  and  the  subject  of  telegraphy  being  foreign 
to  the  purpose  of  this  work. 

The  principles  of  thermodynamics,  or  the  science  of  the  me- 
chanical action  of  heat,  are  explained  in  the  third  chapter  of  the 
third  part  more  fully  than  would  have  been  neoessaiy  but  for  the 
&ct,  that  this  is  the  £rst  systematic  treatise  on  that  scienoe  which, 
has  ever  appeared;  the  only  previous  sources  of  information  re- 
garding it  being  detached  memoirs  in  the  transactions  of  learned 
societies,  and  in  scientific  joumaI&* 

The  experimental  and  practical  examples  used  to  illustrate  the 
application  of  the  principles  of  that  science,  and  of  rules  and  tables 
deduced  from  them,  are,  to  a  considerable  extent,  taken  from  the 
Author's  personal  observations  of  the  performance  of  marine  engines. 

At  the  end  of  the  book,  as  well  as  interspersed  through  it, 
are  various  tables,  useful  in  calculations  respecting  prime  movers^ 
especially  the  steam  engine;  and  many  of  those  tables  contain 
results  which  have  never  before  been  published. 

The  Author  has  endeayoured  to  the  best  of  his  abiUty  and 
recollection  to  acknowledge,  in  the  course  of  the  book,  the  sources 
from  which  he  has  derived  information.  For  much  of  that  informa- 
tion, for  opportunities  of  inspecting  furnaces,  boilers,  and  engines, 
and  of  making  experiments,  and  in  some  cases  for  drawings  of 
engines,  which  have  been  reduced  to  a  small  scale  to  illustrate  this 
work,  he  has  to  return  his  most  grateful  thanks  to  many  engineers^ 
shipbuilders,  manufacturers,  and  men  of  science. 

Glasoow  XJNivERSiTy,  SSd  September,  1869.  W.  J.  M.  R 

The  TwBLPTH  Edition  has  been  carefully  revised,  and 
considerable  additional  matter  relating  to  Engineering  Science 
and  Practice  added  to  Text  and  Appendix. 

W.  J.  M. 

Glasoow,  28th  February,  1888. 

*  Sinoo  the  above  was  written,  aeTeral  treattses  on  ThormodynamlcB  have  appeared: 
amoDffBt  which  may  be  spedfled,  in  German,  the  works  of  Olaaaios  and  of  Zeanen  in 
French,  those  of  Him,  Salnt-Bobert,  Casin,  and  Briot;  in  EngUrii,  thoee  of  Balfonr  Stewart 
and  of  Talt— the  lost-mentioned  book  being  Talnable  for  its  olear  aommarr  of  the  different 
methods  followed  by  the  ori.inal  inTestigators  of  the  subject 
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HISTORICAL  SKETCH, 

VELkTOXQ  GHIEFLT  TO 

THE  STEAM  ENGINE. 


'SkTiGSS  are  wrongly  accused  of  having,  in  the  most  ancient  times, 
honoured  and  remembered  their  conquerors  and  tyrants  only,  and 
of  haying  n^lected  and  forgotten  their  benefactors,  the  inventors 
of  the  useful  arts.  On  the  contrary,  the  want  of  authentic  records 
of  those  benefactors  of  mankind  has  arisen  from  the  blind  excess  of 
admiration,  which  led  the  heathen  nations  of  remote  antiquity  to 
treat  their  memory  with  divine  honours,  so  that  their  real  history 
has  been  lost  amidst  the  fables  of  mythology. 

During  a  period  less  remote,  but  still  ancient,  the  improvers  of 
the  mechanical  arts  were  n^lected  by  biographers  and  historians, 
from  a  mistaken  prejudice  against  practice,  as  being  inferior  in 
digzuty  to  contemplation;  and  even  in  the  case  of  men  such  as 
Archjrtas  and  Archimedes,  who  combined  practical  skill  with 
scientific  knowledge,  the  records  of  their  labours  that  have  reached 
oar  times  give  but  vague  and  imperfect  accounts  of  their  mechanical 
inventions,  which  are  treated  as  matters  of  trifling  importance  in 
comparison  with  their  philosophical  speculations.  The  same  pre- 
judice, prevailing  with  increased  strength  during  the  middle  ages, 
and  aided  by  the  prevalence  of  the  belief  in  sorcery,  rendered  the 
records  of  ike  progress  of  practical  mechanics,  until  about  the  end 
of  the  fifteenth  century,  almost  a  blank. 

Those  remarks  apply,  with  peculiar  force,  to  the  history  of  those 
machines  called  pbixe  movxbs,  by  whose  aid  power  or  energy  is 
derived  from  natural  sources,  and  made  to  perform  work  for  human 
porpoees.  It  would  be  vain  to  attempt  to  trace  the  history  of  the 
application  of  muscular  power,  water  power,  or  wind  power,  to  the 
&viDg  of  machinery.  With  the  exception  of  the  air  engine  and 
some  other  heat  engines,  and  the  electro-magnetic  engine,  which 
are  still  in  their  infiEincy,  the  stsam  engine  is  the  only  prime  mover 
whose  history  is  known  with  any  certainty;  and  even  its  origin  is 
lost  in  antiquity. 

The  published  writings  on  the  history  of  the  steam  engine  are 
veiy  numeroua.     They  are  to  be  found  at  the  commencement  of  all 
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the  large  treatises  on  the  steam  engine,  such  as  Fare/s,  Tredgold's, 
and  Mr.  Bourne's; — and  of  articles  on  the  same  subject,  and  on 
steam  navigation,  by  Mr.  Scott  BusselL  The  most  complete  col- 
lection of  accounts  of  various  inventions  is  Stuart's  Histcry  ofUie 
Steam  Engine;  a  book  now  very  scarce.  A  complete  and  exact 
history  of  the  more  important  steps  in  the  progress  of  the  steam 
engine  down  to  the  time  of  Watt,  and  of  the  inventions  of  Watt 
himself,  is  contained  in  Mr.  Muirhead's  Mechanical  Inventions  of 
James  Walt,  and  Life  of  James  Watt;  works  specially  distinguished 
by  the  fullness  and  precision  with  which  original  documents  and 
authorities  for  facts  are  cited.  It  is  impossible  to  pursue  the  same 
course  within  the  limits  of  the  present  essay,  which  is  only  a 
brief  summary  of  the  leading  events  in  the  history  of  the  steam 
engine. 

The  earliest  written  account  of  mechanism  in  which  heat  is  made 
to  perform  work  by  means  of  steam,  is  contained  in  the  Fneumatics 
of  Hero  of  Alexandria,  who  flourished  about  130  B.C.   That  author 
describes  a  rotatory  engine,  or  steam  turbine,  driven  by  the  reaction 
of  jets  of  steam  issuing  from  orifices  in  revolving  arms,  and  also  an 
engine  in  which  the  pressure  of  steam,  or  of  heated  air  and  vapour 
mixed,  is  made  to  raise  liquid  by  expelling  it  from  a  receiver.     An 
apparatus  similar  to  the  last  is  described  by  Giovanni  Battista 
della   Porta,  in  his   Fneumatics,  published  in   1601,  with   this 
addition,  that  the  condensation  of  steam  within  a  close  vessel  is 
described  as  a  means  of  producing  a  vacuum,  and  thereby  causing 
water  to  ascend  and  flU  the  vessel.     A  French  engineer,  Solomon 
de  Cans,  in  a  work  entitled  Les  Eaisons  des  Forces  Mou/vantes, 
published  in  1615,  described  a  machine  for  propelling  a  jet  of 
water  to  a  great  height  by  the  pressure  of  steam  evaporated  in  the 
same  vessel  from  which  the  water  was  ejected.     In  1629,  Branca 
described  an  engine,  in  which  a  wheel  was  driven  round  by  the 
impulse  of  steam  against  vanes.    The  Marqius  of  Worcester,  in  his 
work  called  A  Century  of  the  Names  and  Scantlings  of  Inventions, 
&C.,  published  in  1663,  described  a  machine  for  raising  water  by 
the  pressure  of  steam.     So  far  as  the  description  is  intelligible,  it 
appears  that  this  machine  differed  from  that  of  De  Cans,  in  having 
a  separate  boiler  for  the  production  of  the  steam  which  forced 
water  out  of  other  vessels;  and  it  appears  further,  from  the  Diary 
of  Cosmo,  Grand  Duke  of  Tuscany,  that  the  machine  of  the 
Marquis  of  Worcester  had  been  constructed,  and  was  in  operation 
at  Vauxhall,  in  1656.      It  is  probable,  that  in  the  time  of  the 
Marquis  of  Worcester,  the  action  of  steam  in  exerting  a  great  pres- 
sure when  confined  within  a  limited  space,  and  the  possibility  of 
raising  water  to  a  height  by  means  of  it,  had  become  generally  known 
to  pexaons  acquainted  witJi  mechanics,  and  that  the  original  part 
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of  hi8  machine  was  the  Mspomte  boiler,  without  which  it  would 
hare  heen  practicallj  useless.  About  1697,  Saveiy  inyented  an 
engine  in  which  water  was  not  only  (as  in  that  of  Worcester)  forced 
Above  the  level  of  the  eDgine  by  the  pressure  of  the  steam  from  a 
sq)arate  boiler,  but  was  idso  raised  to  the  level  of  the  engine,  from 
a  lower  level,  by  the  pressure  of  the  atmosphere,  after  the  conden- 
sation of  the  steam  in  the  water  receiver  by  means  of  cold  water 
externally  applied.  This  engine  was  extensively  used  for  draining 
mines.  In  all  the  machines  hitherto  described,  the  steam  either 
acted  by  its  momentum  alone,  or  by  pressing  directly  on  the  surface 
of  water.  The  first  invention  of  the  impoiiant  idea  of  making 
steam  afford  the  means  of  driving  a  piston,  which  should  com- 
municate motion  to  mechanism,  appears  to  be  due  to  Denis  Papin, 
who,  about  the  year  1690,  constructed  a  working  model,  consisting 
of  a  vertical  cylinder  with  a  piston.  In  the  lower  part  of  the 
cylinder  was  placed  a  small  quantity  of  water.  On  placing  a  fire 
nnder  the  cylinder,  the  water  evaporated  and  lifted  the  piston;  on 
removing  the*fire  from  the  cylinder,  or  the  cylinder  from  the  fire, 
the  steam  was  condensed,  and  the  piston  forced  down  by  the  pres- 
sure of  the  atmosphere.  Papin  proposed  that  engines  on  this 
principle  should  be  made  to  work  pumps,  and  also,  by  means  of 
rack  and  pinion  work,  and  ratchet  -wheels,  to  drive  paddle  wheels  of 
vessels,  and  other  revolving  mechanism.  Papin  had,  about  ten 
years  before,  invented  the  safety  valve  for  boilers.  In  1705,  New- 
comen,  Savery,  and  Cawley  combined  the  cylinder  and  piston  with 
the  separate  boiler,  and  with  surface  condensation,  and  produced 
the  well  known  atmospheric  engine  for  pumping  mines.  They 
afterwards  rendered  the  condensation  more  rapid  and  complete  by 
injecting  a  shower  of  cold  water  into  the  interior  of  the  cylinder. 
Apparatus  for  enabling  the  engine  to  open  and  shut  its  own  valves 
▼as  introduced  by  Humphry  Potter,  and  improved  by  Beighton. 
The  high  pressure  engine  was  invented  in  1725,  by  Leupold. 
About  1770,  the  details  of  the  atmospheric  engine  were  much 
improved  by  Smeaton,  until  it  became,  considering  the  general 
condition  of  practical  mechanics  at  the  time,  a  very  perfect  machine 
in  workmanship  and  mechanism. 

Fig.  I.  shows  a  vertical  section  of  the  principal  parts  of  Savery*s 
engine : — a,  receiver,  in  which  the  steam  presses  on  the  surface  of 
the  water;  6,  ascending  pipe;  c  d,  clacks  opening  upwards;  /, 
boiler;  g,  steam  pipe  from  boiler  to  receiver;  h,  cock,  to  open  and 
close  it;  i  k,  flues;  I  m,  gauge  cocks  to  ascertain  the  water  level; 
n,  safety  valve  (it  is  doubtful,  however,  whether  Savery  used  the 
safety  valve);  o,  condensing  cock,  to  let  a  stream  of  cold  water  fall 
on  the  receiver,  and  condense  the  steam.  The  engine  was  worked 
bj  opening  and  closing  the  cocks  h  and  o  alternately.    On  opening 
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Ay  steam  from  the  boiler  forced  the  water  from  the  receiver  a  txp 
through  the  pipe  6;  on  closing  h  and  opening  o,  the  steam  was 
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Fig.  I- — SaTCiy'fl  Engine. 

condensed,  and  the  pressure  of  the  atmosphere  forced  water  up 
through  the  clack  c?,  so  as  to  fill  the  receiver  again. 

Two  improvements  made  by  Savery  on  his  engine  are  not 
shown  in  the  figure :  a  second  receiver,  similar  to  a,  and  standing 
alongside  of  it,  to  be  filled  and  emptied  alternately  with  a,  so  as  to 
keep  up  a  continuous  stream  of  water;  and  an  auxiliary  boiler,  or 
heating  vessel,  in  which  water  was  heated  before  being  supplied  to 
the  principal  boiler  /,  and  from  which  the  water  was  forced  into/ 
by  the  pressure  of  steam  when  required. 

Fig.  IL  is  Newcomen's  atmospheric  engine  in  its  earliest  form. 
a,  beam  or  lever;  h,  boiler;  c,  lever  wall;  d,  pump  rod  chain;  e, 
pump  rod;  /,  furnace;  g  g,  counterpoise;  h,  cylinder;  p,  stc»m 
pipe;  u,  steam  cock;  l,  tank  for  condensation  water;  m,  its  supply 
pipe,  coming  from  the  pump  in  the  pit;  n,  condensation  water 
pipe;  o,  cock;  q,  discha^  pipe  for  water  fi-om  cylinder,  leading 
downwards  to  a  point  thirty-four  feet  below  it  (being  one  atmo- 
sphere of  water);  8,  piston  rod;  x,  piston  rod  chain;  y  z,  sectors 
on  ends  of  beam. 

For  an  example  of  the  atmospheric  engine  in  its  most  perfect 
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itete,  reference  may  be  made  to  the  description  and  drawing  of  the 
"  loDg  Benton  engine  "  in  Smeaton's  reports. 


Fig.  IL — Newcomen's  Atmospheric  Engine. 

fig.  m.  is  Lenpold's  proposed  high  pressure  engine,  with  a  pair 
d  ^^linders  in  which  the  steam  acts  altematelj,  being  admitted 
and  discharged  by  a  *'  fonr-way-cock." 

In  the  histoiy  of  mechanical  art  two  modes  of  progress  may  be 
distinguished — ^the  empwical  and  the  scientific.  Not  the  practical 
and  the  iheoreUc,  for  that  distinction  is  £Eillacioiis :  all  real  progress 
in  mechanical  art,  whether  theoretical  or  not,  mnst  be  practical 
Th»  true  distinction  is  this :  that  the  empirical  mode  of  progress 
is  porely  and  simply  practical;  the  science  mode  of  progress  is 
at  once  practical  and  tiieoretic 

Empirical  progress  is  that  which  has  been  going  on  slowly  and 
eontinaally  from  the  earliest  times  to  the  present  day,  by  means  of 
gradual  amelioration  in  materials  and  workmanship,  of  small  suo- 
owive  augmentations  of  the  size  of  structures  and  power  of 
nMu*)iiTMMi^  and  of  the  exercise  of  individual  ingenuity  in  matters  of 
detail  This  mode  of  progress,  though  essential  to  the  perfecting 
<€  mechanical  art  in  its  details,  is  conned  to  malring  small  altera- 
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tions  on  existing  examples,  and  is  consequently  limited  in  the  range 
of  its  effects. 

Scientific  progress  in  the  mechanical  arts  takes  place,  not  con- 
tinuously, but  at  inter- 
vals, often  distant,  and 
by  great  efforts.  When 
the  results  of  experience 
and  observation  on  the 
properties  of  the  ma- 
terials which  are  used, 
and  on  the  laws  of  the 
actions  which  take  place, 
in  a  class  of  machines, 
have  been  reduced  to  a 
science,  then  the  im- 
provement of  such  ma- 
chines is  no  longer  con- 
fined to  amendments  or 
enlargements  in  detail  of 
previously  existing  ex- 
amples ;  but  from  the 
principles  of  science  prac- 
tical rules  are  deduced, 
showing  not  only  how  to 
bring  the  machine  to  the 
condition  of  greatest  eflS- 
ciency  consistent  with 
the  available  materials 
and  workmanship,  but  also  how  to  adapt  it  to  any  combination  of 
circumstances,  how  different  soever  from  those  which  have  pre- 
viously occurred.  When  a  great  advance  has  thus  been  made  by 
scientific  progress,  empirical  progress  again  comes  into  play,  to 
perfect  the  results  in  their  details. 

Up  to  the  period  when  Smeaton  perfected  the  atmospheric 
engine,  the  progress  of  the  "  fire  engine,"  as  the  steam  engine  was 
then  called,  had  been  merely  empirical;  and  in  everything  that 
depended  on  principle,  the  steam  engine  of  that  period  was  a  most 
rude,  wasteful,  and  inefficient  machine.  Then  came  the  time 
when  science  was  to  effect  more  in  a  few  years  than  mere  em- 
pirical progress  had  done  in  nineteen  centuries.  In  1759,  James 
Watt  had  his  attention  directed  by  Kobison  to  the  subject  of  the 
steam  engine,  and  for  a  few  years  afterwards  made  various  experi- 
ments on  the  properties  of  steam.  In  1763  and  1764,  Watt,  while 
engaged  in  the  repair  of  a  small  model  of  Newcomen's  engine 
(bdonging  to  the  University  of  Glasgow,  and  since  preserved  by 
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that  XJniversity  as  the  most  precious  of  relics),*  perceived  the 
razioos  defects  of  that  machine,  and  ascertained  by  experiment  their 


*  Fig.  IV.— Watt*!  model  is  Qlai0QfW  GoOflgti 
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causes.  Watt  set  to  work  scientifically  from  the  first  He  studied 
the  laws  of  the  pressure  of  elastic  fluids,  and  of  the  evaporating 
action  of  heat,  so  far  as  they  were  known  in  his  time;  he  aacer- 
tained  as  accurately  as  he  could,  with  the  means  of  experimenting 
at  his  disposal,  the  expenditure  of  fuel  in  evaporating  a  given 
quantity  of  water,  and  the  relations  between  the  temperature^ 
pressure,  and  volume  of  the  steam.  Then  reasoning  from  the  data 
which  he  had  thus  obtained,  he  framed  a  body  of  principles  expres- 
sing the  conditions  of  the  efficient  and  economic  working  of  the 
steam  engine,  which  are  embodied  in  an  invention  described  by 
himself  in  the  following  words,  in  the  specification  of  his  patent  of 
1769:— 

"  My  method  of  lessening  the  consumption  of  steam,  and  conse- 
quently fuel,  in  fire  engines,  consists  of  the  following  principles : — 

"First,  That  vessel  in  which  the  powers  of  steam  are  to  be 
employed  to  work  the  engine,  which  is  called  the  cylinder  in  com- 
mon fire  engines,  and  which  I  call  the  steam  vessel,  must,  during 
the  whole  time  tiie  engine  is  at  work,  be  kept  as  hot  as  the  steam 
that  enters  it;  first,  by  inclosing  it  in  a  case  of  wood,  or  any  other 
materials  that  transmit  heat  slowly;  secondly,  by  surrounding 
it  with  steam  or  other  heated  bodies;  and  thirdly,  by  suffering 
neither  water  nor  any  other  substance  colder  than  the  steam,  to 
enter  or  touch  it  during  that  time. 

"Secondly,  In  engines  that  are  to  be  worked  whoUy  or  partially 
by  condensation  of  steam,  the  steam  is  to  be  condensed  in  vessels 
distinct  from  the  steam  vessels  or  cylinders,  although  occasionally 
communicating  with  them;  these  vessels  I  cxSl  condensers;  and, 
whilst  the  engines  are  workings  these  condensers  ought  at  least  to 
be  kept  as  cold  as  the  air  in  the  neighbourhood  of  the  engines,  by 
application  of  water,  or  other  cold  bodies. 

"  Thirdly,  Whatever  air  or  other  elastic  vapour  is  not  condensed 
by  the  cold  of  the  condenser,  and  may  impede  the  working  of  the 
engine,  is  to  be  drawn  out  of  the  steam  vessels  or  condensers  by 
means  of  pumps,  wrought  by  the  engines  themselvesi,  or  otherwise. 

"FcwrUdy,  I  intend,  in  many  cases,  to  employ  the  expansive 
force  of  st^tm  to  press  on  the  pistons,  or  whatever  may  be  used 
instead  of  them,  in  the  same  manner  in  which  the  pressure  of  the 
atmosphere  is  now  employed  in  common  fire  engines.  In  cases 
where  cold  water  cannot  be  had  in  plenW,  the  engines  may  be 
wrought  by  this  force  of  steam  only,  by  <^iiiA>ift.TgiT%g  the  steam  into 
the  air  after  it  has  done  its  office. 

"  La8&y,  Instead  of  using  water  to  render  the  pistons  and  other 
parts  of  the  engines  air  and  steam  tight,  I  employ  oils,  wax, 
resinous  bodies,  £e^  of  animals,  quicksilver,  and  other  metals  in 
their  fiuid  state.** 


BCBAM  NATIGATIOir.  XXIU 

The  expense  of  canying  out  of  Watt's  invention  was  at  first 
de&ayed  by  Dr.  John  Roebuck,  the  original  projector  of  the  Carron 
Iron  Works.     On  his  retirement  fix)m  the  enterprise,  his  place  was 
taken  by  Matthew  Boulton  of  Birmingham,  whose  liberality  and 
energy  furnished  all  that  was  necessary  to  render  the  genius  of 
Watt  practically  available.     Few  patents  have  had  their  validity 
more  obstinately  contested  than  that  of  Watt's  great  invention; 
and  the  successful  result  of  the  trials  of  which  it  was  the  subject 
has  greatly  contributed  to  ascertain  and  fix  the  interpretation  of 
the  patent  laws.     In  1769,  Watt  had  invented  the  cutting-off  the 
admission  of  steam,  so  as  to  make  it  work  expansively,  as  appears 
fiom  a  letter  of  his  to  his  friend  Dr.  Small.     He  began  to  use  that 
invention  in  1776,  but  did  not  publish  it  till  1782,  when  he 
patented  along  with  it  his  invention  of  the  double  acting  engine.   It 
is  certain  that  before  1778,  Watt  had  invented  the  double  acting 
steam  engine,  and  the  application  of  the  crank  to  the  steam  engine ; 
but  the  latter  invention  having  been  pirated  and  patented  by 
another.  Watt  invented  and  patented  other  methods  of  producing 
rotatory  from  reciprocating  motion,  which  were  used  until  the 
patent  for  the  crank  expired;  after  which  time  the  use  of  the  crank 
became  general     The  adaptation  of  the  steam  engine  to  the  pro- 
duction of  rotatory  motion  was  the  crowning  improvement,  which 
led  to  its  employment  as  the  prime  mover  of  every  kind  of 
mechanism.     Ldl  1784,  Watt  patented  and  published  his  inventions 
of  the  parallel  motion,  the  counter  for  recording  the  strokes  of 
engines,  the  throttie  valve,  the  governor  for  regulating  the  speed, 
and  the  indicator  for  ascertaining  the  power,  an^d  also  a  locomotive 
engine;  which  last,  however,  he  did  not  put  in  practice.     The 
improvements  on  the  steam  engine  since  tiie  time  of  Watt  have 
ddefiy  related  either  to  the  boiler  and  furnace,  to  the  details  of  the 
mechanism,  to  the  more  full  development  of  Watt's  principle  of 
using  the  expansive  force  of  the  steeon  to  drive  the  piston,  or  to 
the  means  of  applying  the  steam  engine  to  the  propulsion  of 
carriages  and  ships.     The  double  cylinder  engine  was  invented  by 
Homblower  in  1781,  and  was  afterwards  combined  with  Watt's 
condenser  l^  Woolf  . 

The  history  of  the  application  of  the  steam  engine  to  the  propul- 
sion of  ships  has  been  brought  into  a  very  complete  state  by  the 
compilation,  under  the  direction  of  Mr.  Woodcroft,  of  abridgments 
of  patents  for  marine  propulsion,  together  with  various  documents 
relative  to  inventions  of  that  class  not  patented  in  BritaiiL 

It  appears  from  the  correspondence  between  Papin  and  Leibnitz, 
that  Papin  was  present,  in  1698,  at  a  trial  of  aboat  propelled  by  a 
machine  contrived  by  Savery,  in  which  paddle  wheels  were  driven 
ty  a  water  wheel,  which  was  itself  driven  by  water  raised  by  meaos 
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of  Saveiy's  steam  engine,  already  mentioned;  and  also  that  Papin 
himself,  in  1707,  made  either  a  vessel  or  a  model  of  a  vessel  (it  is 
not  clear  which)  on  a  similar  plan,  with  which  he  was  on  his  ixray 
by  the  Fulda  and  Weser  to  England,  when  it  was  taken  from  him 
and  destroyed  by  boatmen. 

In  1736,  Jonathan  Hulls  patented  a  steam  vessel  in  which  paddlo 
wheels  were  driven  by  ratchet  work,  acted  upon  by  chains  or  ropes 
attached  to  the  pistons  of  atmospheric  cylinders. 

In  1752,  Daniel  Bemouilli  invented  a  form  of  screw  propeller, 
which  he  proposed  to  drive  by  a  steam  engine. 

In  1781  and  1783,  the  Marquis  de  Jouffix>y  executed  and  used 
upon  the  Khone  two  steam  vessels  of  considerable  size— in  the  first 
of  which  paddle  wheels  were  driven  by  chains,  and  in  the  second 
by  rack  work.  They  are  said  to  have  realized  a  considerable 
speed. 

The  early  attempts  at  steam  navigation  made  in  France  by  the 
Marquis  de  Jouflfroy  in  1781  and  1783,  in  America  by  Rumsey 
and  Fitch  about  1783  and  1784,  and  in  Scotland  in  1788  and 
1789,  by  MiUer  of  Dalswinton,  Taylor,  and  S3anington,  appear 
to  have  failed  chiefly  because  of  the  imperfect  nature  of  the 
means  employed  for  the  transmission  of  motion  from  the  piston  to 
the  propeller.  In  fact.  Watt's  invention  of  the  rotative  engine, 
which  effects  that  transmission  smoothly  and  without  shocks,  was 
an  indispensable  step  towards  the  success  of  steam  navigation. 
Symington,  instructed  by  the  previous  failure  of  his  engine  in  Mil- 
ler's boat,  availed  himself  of  that  invention,  when  he  built  for  Lord 
Dundas,  in  1801,  the  "Charlotte  Dundas,"  which  was  used  in  1802 
on  the  Forth  and  Clyde  Canal,  with  complete  success  as  a  tug,  but 
abandoned  owing  to  an  apprehension  on  the  part  of  the  directors  of 
iiyuiy  to  the  banka     The  "  Charlotte  Dundas"  (fig.  V.)  had  one 
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pftddle  wheel  near  the  stem,  driven  by  a  direct  acting  horuontal 


STEAK  LOCOMOTION  ON   LAND. 


XXV 


engiuOy  -with  a  connecting  rod  and  crank.  The  arrangement  of 
her  mechanism  was  such  as  would  be  considered  creditable  at  the 
present  day;  and  she  has  been  justly  styled  by  Mr.  Woodcrofb 
''the  first  practical  steamboat." 

Fulton  having  made  himself  well  acquainted  with  what  had  been 
previously  done  in  steam  navigation,  began  to  experiment  with  a 
small  paddle  steamer  in  1803.  In  1804,  Stevens  ran  a  steamer 
between  New  York  and  Hoboken,  with  a  screw  propeller,  driven 
by  one  of  Watt's  engines. 

The  establishment  of  steam  navigation  as  a  remunerative  art 
was  first  effected  in  America,  by  Fulton,  in  1807,  on  the  East 
river;  and  in  Europe,  by  Bell,  in  1812,  on  the  CQyde.  Fulton's 
vessel,  the  "  Clermont,"  was  propelled  by  paddles,  driven  by  an 
engine  made  by  Boulton  and  Watt.  Bell's  vessel,  the  "  Comet," 
was  propelled  by  two  pairs  of  paddle-wheels,  driven  by  an  engine 


Fig.  VI ^The  "  ComeC  1811-12. 

of  peculiar  design  (fig.  VII.)  Since  that  period  the  advance- 
ment of  steam  navigation  has  consisted  not  so  much  in  the 
development  of  new  principles,  as  in  the  improvement  of  work- 
manship, arrangement,  and  economy  of  fuel,  and  the  progressive 
increase  of  the  size,  power,  and  speed  of  steam-ships,  and  the 
extent  of  their  voyages — the  climax  at  the  present  time  being 
the  "Great  Eastern,"  680  feet  long,  83  feet  broad,  drawing  about 
24  feet  of  water  when  loaded,  displacing  20,000  tons  of  water, 
having  engines  that  work  up  to  moi*e  than  8,000  indicated  horse- 
power, and  being  capable  of  carrying  coals  for  a  voyage  round 
the  world — ^which  last  quality,  as  Mr.  Scott  Russell  has  stated, 
is  the  object  of  her  enormous  bulk.  The  highest  speed  attained 
hj  steamers  is  about  18  nautical  miles,  or  21  statute  miles,  an 
boar. 

Hie  application  of  the  steam  engine  to  locomotion  on  land  wa8» 
tocoiding  to  Watt,  suggested  by  Robiaon,  in  1759.     In  1784,  Watt 
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patented  a  locomotive  engine,  which,  however,  he  never  executed. 
A.bout  the  same  time  Murdoch,  assistant  to  Watt,  made  a  very 


Fig.  VIL— Engine  of  the  "  Comet,"  1811.12. 

efficient  working  model  of  a  locomotive  engine.  In  1802,  Trevithick 
and  Yivian  patented  a  locomotive  engine,  which  was  constructed 
and  set  to  work  in  1804  or  1805.  It  travelled  at  about  five  miles 
an  hour,  with  a  net  load  of  ten  tons.  The  use  of  fixed  steam 
engines  to  drag  trains  on  i-ailways  by  ropes,  was  introduced  by  Cook 
in  1808. 

After  various  inventors  had  long  exerted  their  ingenidty  in 
vain  to  give  the  locomotive  engine  a  firm  hold  of  the  track  by 
means  of  rackwork-rails,  and  toothed  driving  wheels,  legs,  and 
feet,  and  other  contrivances,  Blackett  and  H^ey,  in  1813,  made 
the  important  discovery  that  no  such  aids  are  required,  the 
adhesion  between  smooth  wheels  and  smooth  rails  being  sufficient. 
To  adapt  the  locomotive  engine  to  the  great  and  widely  varied 
speeds  at  which  it  now  has  to  travel,  and  the  varied  loads  which 
it  now  has  to  draw,  two  things  are  essential — ^that  the  rate  of 
combustion  of  the  fuel,  the  original  source  of  the  power  of  the 
^gine,  shall  adjust  itself  to  the  work  which  the  engine  has  to 
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peifomi,  and  ahall,  when  required^  be  capable  of  being  increased  to 
many  times  the  rate  at  which  fiiel  is  burned  in  the  furnace  of  a 
stationary  engine  of  the  same  size;  and  that  the  surface  through 
which  heat  is  communicated  from  the  burning  fuel  to  the  water 
shall  be  very  large  compared  with  the  bulk  of  the  boiler.  The  first 
of  these  objects  is  attained  by  the  blast-pipey  invented  and  used  by 
George  Stephenson  before  1825;  the  second,  by  the  tubular  boiler, 
invented  about  1829,  simultaneously  by  S6guin  in  France  and  Booth 
in  England,  and  by  ike  latter  sugg^ted  to  Stephenson.  On  the  6th 
October,  1829,  occurred  that  famous  trial  of  locomotive  engines, 
"when  the  prize  offered  by  the  directors  of  the  Liverpool  and  Man- 
chester Eiulway  was  gained  by  Stephenson's  engine,  the  "  Bocket," 
the  parent  of  the  swift  and  powerful  locomotives  of  the  present  day, 
in  which  the  blast-pipe  and  tubular  boiler  are  combined.  (Fig. 
Vili.)    Since  that  time  the  locomotive  engine  has  been  varied  and 


Kg.  VIIL— The  "Socket,"  1829. 

improred  in  various  details,  and  by  various  engineers.     Its  weight 
now  ranges  from  five  tons  to  sixty  tons;  its  load  from  fifby  to  five 
hnndied  tons;  its  speed  from  ten  miles  to  sixty  miles  an  hour. 
The  leduotion  of  the  laws  which  connect  heat  wifth  mechanical 
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energy  to  a  physical  theory,  or  connected  system  of  principlefliy 
called  the  science  of  Thermodynamics,  is  of  recent  date,  and,  in 
many  respects,  may  be  considered  to  be  still  in  progress.  The  steps 
in  reasoning,  and  in  experimental  knowledge,  which  have  gradually 
led  to  the  formation  of  that  system  of  principles,  are  difficult  to 
trace,  and  more  difficult  to  separate  from  the  history  of  the  two 
kinds  of  mechanical  hypotheses  which  have  been  proposed  as  means 
of  deducing  the  laws  of  heat  from  those  of  motion  and  force; 
for  one  of  &ose  hypotheses — ^that  which  supposes  the  phenomena  of 
heat  to  be  caused  by  the  presence,  in  greater  or  less  quantity,  of  a 
substance  called  "caloric** — ^has  been  the  chief  impediment  to  the 
progress  of  the  accurate  knowledge  of  the  laws  of  the  relations 
between  heat  and  motive  power;  while  the  other  hypothesis,  which 
supposes  the  phenomena  of  heat  to  be  caused  by  molecular  vibra- 
tions and  revolutions,  has  been  the  means,  in  some  instances,  of 
anticipating  laws,  and  predicting  numerical  results,  which  have 
since  been  confirmed  by  experiment,  and  in  others,  of  suggesting 
experiments  whereby  important  laws  have  been  discovered. 

In  the  stage  which  our  knowledge  has  now  attained,  it  is  possible 
to  express  the  laws  of  thermodynamics  in  the  form  of  independent 
principles,  deduced  by  induction  from  the  facts  of  observation  and 
experiment,  without  reference  to  any  hypothesis  as  to  the  occult 
molecular  operations  with  which  the  sensible  phenomena  may  be 
conceived  to  be  connected;  and  that  course  will  be  followed  in 
the  body  of  the  present  treatise.  But,  in  giving  a  brief  historical 
sketch  of  the  progress  of  thermodynamics,  the  progress  of  the 
hypothesis  of  thermic  molecular  motions  cannot  be  wholly  separated 
from  that  of  the  purely  inductive  theory. 

The  Aristotelian  hot  element,  as  well  as  the  other  aTotxtiti, 
appears,  so  far  as  we  can  judge,  to  have  been  understood  by 
Aristotle  himself,  not  as  a  stibstcmce,  but  as  one  of  the  states  of 
which  substances  are  susceptible. 

In  the  scholastic  sense  of  the  term  "  Elevnentum  Ignis**  viz.,  the 
supposed  substance,  afterwards  called  "  phlogiston"  and  "  caloric," 
Galileo  disputes  the  real  existence  of  anything  corresponding  to  it, 
and  Bacon  declares  it  to  be  one  of  those  "Tiomina  nthilorum'*  which 
are  amongst "  Iddafori  molesHssima,**  The  hypothesis  of  molecular 
motions  was  maintained  by  Galileo,  Bacon,  Boyle,  Daniel  Bernoulli, 
and  Newton,  and  at  a  later  period  by  Rumford,  Davy,  Leslie,  Mont- 
golfier,  S%uin,  Young,  and  Grove.  Bumford  and  Davy  supported 
it  by  most  remarkable  experiments  on  the  pix>duction  of  heat  by 
friction — a  phenomenon  which  is  the  key  to  the  whole  science  g£ 
thermodynamics :  Davy  and  S6guin  endeavoured  to  put  the  mechani- 
cal hypothesis  into  a  definite  form:  Young,  in  his  lectures,  stating 
the  wholQ  question  in  the  dear  and  foroible  maimer  peculiar  to  him, 
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showed  that  the  facta  of  experimeDt,  as  known  in  his  time,  were 
conclusive  against  the  hypothesis  of  substantial  caloria  That  hypo- 
(hesis^  however,  continued  to  hold  its  ground,  and  to  a  certain 
extent  does  so  still — ^a  fact  which  is  probably  in  a  great  measure 
owing  to  the  employment  of  its  language  in  works  of  reference,  and 
to  the  popular  tendency  to  ascribe  substantive  existence  to  the  sub- 
ject of  a  name.  The  adoption  of  the  hypothesis  of  thermic  molecu- 
lar motions,  and,  what  is  of  more  importance,  the  abandonment  of 
the  hypothesiB  of  substantial  caloric,  have  been  much  promoted  by 
the  series  of  discoveries  which  have  shown,  that  the  communication 
of  light  and  heat  by  radiation,  if  not  actually  consisting  in  the  pro- 
pagation of  molecular  vibratory  movements,  takes  place  according 
to  laws  analogous  to  those  of  the  propagation  of  such  movements, 
and  wholly  at  variance  with  those  of  the  difiusion  of  any  conceivable 
substance. 

A  most  important  step  towards  the  formation  of  a  true  ph3rsical 
theory  of  the  relations,  not  only  between  heat  and  motive  power, 
but  between  heat  and  every  other  kind  of  ph3rsical  energy,  was 
made  by  Black's  great  discovery  of  latent  heat,  and  by  "Watt's  appli- 
cation of  that  discovery  in  the  improvement  of  the  steam  engine. 

The  term  *'  latent  heat"  when  freed  from  hypothetical  notions, 
means,  an  amount  of  that  condition  of  matter  called  heat,  which 
has  disappeared  in  producing  physical  effects  different  from  heat, — 
such  as  expansion,  fusion,  evaporation,  and  chemical  changes, — ^and 
which  may  be  made  to  reappear  by  reversing  the  changes  in  which 
such  physical  effects  consisted, — ^that  is,  by  compression,  congela- 
tion, fiquefaction  of  vapours,  and  inverse  chemical  changes.  The 
progress  in  the  true  theory  of  thermodynamics,  to  which  this  dis- 
covery might  have  led,  was  for  a  long  time  retarded  by  a  fallacious 
principle,  arising  from  the  hypothesis  of  substantial  oedoric  in  the 
following  manner  : — Let  a  substance  change  from  a  less  bulky  to  a 
more  bulky  condition,  or  from  the  liquid  to  the  gaseous  state,  or 
generally,  from  the  state  A  to  the  state  B,  that  change  being  of 
such  a  nature,  that  according  to  Black's  discovery,  heat  disappears, 
and  some  physical  effect  difierent  from  heat  is  produced.  Let  this 
operation  be  called  (A,  B),  and  let  Hi  be  the  amount  of  heat  which 
(iisippears.  Next,  let  the  substance  change  back  from  the  state  B 
to  the  original  state  A  :  let  this  change  be  called  (B,  A).  It  will 
canse  a  certain  quantity  of  heat  H©  to  reappear.  If  the  series 
of  intermediate  changes  undergone  by  the  substance  during  the 
pTocesH  (B,  A),  be  exactly  the  reverse,  step  for  step,  with  those 
undergone  during  the  process  (A,  B),  everything  done  by  the 
first  process  will  be  exactly  undone  by  the  second ;  no  perma- 
nent physical  effect  will  ensue  from  the  combined  processes; 
and  the  amount  of  heat  which  reappears,  Ha»  must  necossahly  be 
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equal  to  the  amount  of  heat  H,,  which  formerly  disappeared.  This 
-was  understood  from  the  time  of  the  fbrst  discovery  of  latent  heat  j 
and  so  far  there  is  no  fallacy,  but  an  important  truth.  But  it  was 
further  assumed,  that  heat  has  a  substantial  existence,  and  that^ 
consequently,  Ho  =  H„  under  all  circumstances,  even  although  the 
processes  (A,  B)  and  (B,  A)  should  differ  in  their  intermediate 
steps.  This  assumption  leads  to  the  following  paradoxical  result, 
which  shows  it  to  be  fEdlacioua  It  is  known  that  the  process 
(B,  A)  may  be  made  to  differ  from  (A,  B),  in  its  intermediate  steps, 
in  such  a  manner  that  a  permanent  mechanical  effect  shall  be  pro- 
duced by  the  combined  processes.  Now,  if  under  such  dream- 
stances  H^  is  assumed  to  be  still  =  Hj,  it  follows,  that  by  employing 
the  mechanical  effect  of  the  combined  processes  in  devdoping  heat 
hyjrictionf  we  may  increaae  the  amourU  qfheaC  in  the  umverse,  or 
crecUe  oaHoric; — a  consequence  opposed  to  the  original  assumption 
of  the  substantiality  of  odoric,  and  proving  that  assumption  to  be 
self-contradictoiy. 

That  fallacious  assumption  unfortunately  pervaded  the  reasonings 
of  Oamot  (son  of  the  great  Camot),  in  his  E^fleodans  star  la  Puta- 
aance  Motrice  du,  Feu,  (Paiis,  1824)---a  work  which,  notwithstand- 
ing this  £adlacy,  contains  the  first  discovery  of  an  important  law : — 
that  the  raiio  of  the  greatest  possible  vx/rk  performed  ly  a  heat  engine^ 
to  the  fishde  heat  expendedy  ts  afwndtvon  of  the  two  limits  of  tempered 
twre  hettoeen  tohich  the  engine  works,  and  not  of  the  TuOure  of  the 
substance  employed.--^Thomaon^B  Accoumi  of  Camels  Theory y  Edvnb. 
Trans, f  1849,  VoL  xvi) — ^The  fallacy  referred  to  prevented  Oamot 
from  discovering  what  that  function  of  the  limits  of  temperature  i& 

The  phenomenon  of  the  development  of  heat  by  the  friction  of  a 
fluid  possesses  peculiar  advantages  as  a  means  of  ascertaining  the 
relations  between  heat  and  mechanical  power,  owing  to  the  sim- 
plicity of  the  action  which  takes  place ;  for  at  the  end  of  the  process 
the  fluid  is  left  exactly  in  the  same  condition  as  it  was  at  tiie 
beginning;  so  that  the  evolution  of  a  certain  amount  of  heat  is  the 
sole  effect  produced;  and  this  being  compared  with  the  mechanical 
power  expended  in  agitating  the  flidd,  exhibits  in  the  most  simple, 
direct,  accurate,  and  satii^EiEtctory  manner  possible,  the  relation 
between  heat  and  mechanical  power.  The  idea  of  subjecting  this 
phenomenon  to  experimental  measurement  appears  to  have  been 
first  put  in  practice  independently  by  M.  Mayer  in  1842,  and  "Mr. 
Joule  in  1843.  The  numerical  results  at  first  obtained  were,  as 
was  to  be  expected  in  a  new  kind  of  experiment,  somewhat  rough 
and  inexact;  but,  by  long  perseverance,  Mr.  Joule  increased  the 
exa^tude  of  his  methods  of  experimenting,  until  he  succeeded  in 
ascertaining,  by  experiments  on  the  friction  of  water,  oil,  mercury, 
air,  and  other  substanoeSy  to  the  accuracy  of  viv  of  its  amount,  if 
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not  more  closely  still,  the  met^amoal  equivcderU  of  a  unit  ofhMti; 
that  18,  the  fmmber  of  foot-pofunda  of  rMchamoal  eMrgy  which  mtui 
he  eaqtmded  in  order  to  raise  the  tempercOure  of  one  pmmd  of  water 
hy  one  degree.  For  Ealuenlieit's  degree,  that  quantity  is  772  foot- 
pouads}  for  the  Centigrade  degree,  f  x  772  =:  1389*6  foot-pounds 
(PlnL  Trans.,  1850).  Ttasy  the  most  important  numerical  constant 
in  molecular  physics,  has  been  styled  by  other  writers  on  the  sub- 
ject '<  Joule's  Equivalent,"  in  order  that  the  name  of  its  discoverer 
maj  be  perpetuated  by  connection  with  the  most  imperishable  of 
memorials — a  trutL  Mr.  Joule,  at  the  same  time,  proved  by  ex- 
periment the  law  which  had  previously  been  only  a  matter  of 
speculative  theory  with  others:  that  not  only  heat  and  motive 
I»wer,  but  aU  other  kinds  of  physical  energy,  such  as  chemical 
iction,  electricity,  and  magnetism,  are  convertible  and  equivalent; 
that  is  to  say,  that  any  one  of  those  kinds  of  energy  may,  by  its 
expenditure,  be  made  the  means  of  developing  any  other  in  certain 
definite  proportions.  Meanwhile,  partly  through  a  theoretical  an- 
ticipation of  this  law,  and  partly  through  the  influence  of  the  hypo- 
thesis of  moieeuiar  moHone  as  applied  to  heat,  the  formation  of  a 
systematio  theory  of  the  relations  between  heat  and  motive  power 
advanced.  Messrs.  Helmholtz  and  Waterston  may  be  referred  to 
as  having  aided  that  progress.  The  investigations  of  the  Count  de 
Pambour  on  the  theory  of  the  steam  engine,  although  not  involv- 
ing the  discovery  of  any  principle  in  thermodynamics  properly 
speaking,  were  conducive  to  the  progress  of  that  science  by  pointing 
oat  the  proper  mode  of  applying  mechanical  principles  to  the 
expansive  action  of  an  elastic  fluid. 

The  general  eqwUion  of  thermodynamice,  which  expresses  the 
relations  between  heat  and  mechanical  energy  under  all  circum- 
stances, was  arrived  at  independently,  and  by  diflerent  methods,  in 

1849,  by  Professor  Clausius  and  the  Author  of  this  work;  and 
published  by  the  former  in  Poggendorfs  Annalen,  and  communi- 
cated }afj  the  latter  to  the  Royal  Society  of  Edinburgh  in  Feb- 
roaiy,  1850.  {EdirL  Trane.,  1850).  The  consequences  of  that 
eqnation  have  since  been  developed,  and  applied  to  scientific  and 
piactical  questions  in  a  series  of  papers  which  have  appeared  in 
PoggemdorgTe  Aimalen;  the  Philosophical  Magazine  since  1850; 
the  Edinburgh  Philosopfdeal  Jovrnal  for  1849  and  1855;  the 
TransaeUons  of  the  Royal  Society  of  Edinby/rgh,  since  1850^  YoL 
XX.;  and  the  Philosophical  Transactions  for  1854  and  1859. 

Professor  William  Thomson,  adopting  the  true  theory  of  heat,  in 

1850,  not  only  solved  some  new  problems  in  thermodynamics,  and 
devised  and  carried  out,  jointly  with  Mr.  Joule,  some  most  impor- 
tant experiments;  but  he  extended  analogous  principles  to  elec- 
tricity and  magnetism^  and  thereby  created  what  may  justly  be 
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styled  a  new  science.  His  papers  have  appeared  in  the  Trarhsao' 
turns  of  the  Royal  Society  of  Edinburgh  for  1851,  and  subsequently  in 
the  Philosophicctl  Magazine  since  1851,  and  the  Philosophical  Trans- 
actions since  1854.  Numerical  data,  without  which  the  theoretical 
researches  before  referred  to  would  have  been  fruitless,  were  fur- 
nished by  the  experiments  of  Dulong,  and  MM.  Bravais,  Martins, 
Moll,  Yan  Beek,  and  others,  on  the  velocity  of  sound;  by  those  of 
M.  Brudbeig,  on  the  expansion  of  gases;  by  the  experiments,  almost 
unparalleled  for  extent  and  precision,  of  M.  Regnault,  on  the  proper- 
ties of  gases  and  vapours,  made  at  the  expense  of  the  French  Govern- 
ment, and  published  in  the  Proceedings  arid  Memoirs  oftfie  Academy 
of  Sciences,  from  1847  to  1854;  and  by  the  joint  experiments  of 
Messrs.  Joule  and  Thomson,  on  the  thermic  effects  of  currents  of 
elastic  fluids,  made  at  the  expense  of  the  Eoyal  Society,  and  pub- 
lished in  the  Philosophical  Transactions  for  1854.  Amongst  later 
experimental  researches  may  be  specially  mentioned  those  of  Messrs. 
Fairbaim  and  Tate  on  the  density  of  steam,  and  those  of  M.  G.  A. 
Him  on  vapours,  and  on  the  disappearance  of  heat  in  steam  en^es. 

Hypothesis  op  Molecular  vobtices. — In  thermodynamics  as 
well  as  in  other  branches  of  molecular  physics,  the  laws  of  phenomena 
have  to  a  certain  extent  been  anticipated,  and  their  investigation 
facilitated,  by  the  aid  of  hypotheses  as  to  occult  molecular  struc- 
tui'es  and  motions  with  which  such  phenomena  are  assumed  to  be 
connected.  The  hypothesis  which  has  answered  that  purpose  in  the 
case  of  thermodynamics,  is  called  that  of  "  molecular  vortices,"  or 
otherwise,  the  "  centrifugal  theory  of  elasticity."  (On  this  subject, 
see  the  Edinburgh  Philosophical  Jowmal,  1849;  Edinburgh  Trans- 
actions, vol.  XX. ;  and  Philosophical  MagaziTie,  passim,  especially  for 
December,  1851,  and  November  and  December,  1855.) 

Science  of  Energetics. — Although  the  mechanical  hypothesis 
just  mentioned  may  be  useful  and  interesting  as  a  means  of  antici- 
pating laws,  and  connecting  the  science  of  thermodynamics  with 
that  of  ordinary  mechanics,  still  it  is  to  be  remembered  that  the 
science  of  thermodynamics  is  by  no  means  dependent  for  its  cer- 
tainty on  that  or  any  other  hypothesis,  having  been  now  reduced 
to  a  system  of  principles,  or  general  feicts,  expressing  strictly  the 
results  of  experiment  as  to  the  relations  between  heat  and  motive 
power.  In  this  point  of  view  the  laws  of  thermodynamics  may  be 
i*egarded  as  particular  cases  of  more  general  laws,  applicable  to  all 
such  states  of  matter  as  constitute  Energy,  or  the  capacity  to  per- 
form work,  which  more  general  laws  form  the  basis  of  the  science 
of  energetics, — a  science  comprehending,  as  special  branches,  the 
theories  of  all  physical  phenomena.* 

*  Proceedings  of  the  PhUoeopMeal  Society  of  Glasgow,  1853 ;  Edinburgh 
Philosophical  Journal,  1855. 


INTRODUCTION. 


OP  MACHINES   IN  GENERAL. 


ERRATUM. 

For  diameters  of  Jumna  8  cylinders,  as  given  at  page  587,  read- 
30  -  42  -  60  -  84  inches  diameter. 


2.  iToiii.    (A.  M.y5i'6, ) — ^The  action  of  a  machine  is  measured, 
expressed  as  a  definite  quantity,  by  multiplying  the  motion  whic 
it  produces  into  the  resistance,  or  force  directly  opposed  to  thav 
motion,  vhich    it  overcomes;   the  product  resulting  from  that- 
multiplication  being  called  work. 

In  Britain,  the  distances  moved  through  by  pieces  of  mechanism: 
are  usually  expressed  in  feet;  the  resistances  overcome,  in  pounds 
avoirdupois;  and  quantities  of  work,  foimd  by  multiplying  dis* 
tances  in  feet  by  resistances  in  pounds,  are  said  to  consist  of  so 
many  /ooC-poundA,  Thus  the  work  done  in  lifting  a  weight  of  one^ 
pound,  through  a  height  of  one  foot,  is  (me  foot-pound;  the  work 
done  in  lifting  a  weight  of  twenty  pounds,  through  a  height  of  oner 
hundred  feet,  is  20  x  100  =  2,000  foot-pounds. 

In  France,  distances  are  expressed  in  metres,  resistances  overcome 
in  kilogrammes,  and  quantities  of  work  in  what  are  called  kilo-^ 
gramimelre8y  one  kilogramm^tre  being  the  work  performed  in  lifting 
a  weight  of  one  kilogramme  through  a  height  of  one  m^re. 

The  following  are  the  proportions  amongst  those  units  of  distance^ 
xeastauee,  and  work,  with  their  logarithms  ;— 
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2  nrrBODUcnov. 

LogarlOmiiL 

One  m^tre  =  3'28o8693  feet, o^sispSp 

One  foot  =  O'3047972i  mitres, 1*484011 

One  kilognimme        —  2 '20462  lbs.  avoirdupois, £-343334 

One  lb.  avoirdnpois  =  0*453593  kilogramme, i'6^6666 

One  kilogrammltre  =  7*23308  foot-pounds, 0*859323 

One  foot-pound         =  0-138254  kilogiammltres, 1*140677 

3.  The  Bate  •r  w«ik  of  a  machine  means,  the  quantity  of  work 
which  it  performs  in  some  given  interval  of  time,  such  as  a  second, 
a  minute,  or  an  hour  {A.  M.,  661).  It  may  be  expressed  in  units 
of  work  (such  as  foot-pounds)  per  second,  per  minute,  or  per  hour, 
as  the  case  may  be;  but  there  is  a  peculiar  unit  of  power  appro- 
priated to  its  expression,  called  a  hobse-powxb,  which  is,  in  Britain^ 

550  foot-pounds  per  second, 
or  33,000  foot-pounds  per  minute, 
or  1,980,000  foot-pounds  per  hour. 

This  is  also  called  an  actuud  or  real  horse-power,  to  distinguish  it 
from  a  ruyrniffud  horse-power,  the  meaning  of  which  will  afterwards 
be  explained  It  is  greater  than  the  peifoimance  of  any  ordinary 
horse,  its  name  having  a  conventional  value  attached  to  it 

In  France,  the  term  force  de  cheval,  or  cheval-vabeub,  is 
applied  to  the  following  rate  of  work : — 

Foot-lbs. 
75  kilogrammltres  per  second   «  542^ 

or  4,500  kilogramm^tres  per  minute  =        33,549 
or  270,000  kilogramm^tres  per  hour      ~    17952,932 

being  about  one-seventieth  part  less  than  the  British  horse-power. 

4.  T«i0cit7« — ^If  the  velocity  of  the  motion  which  a  machine  causes 
to  be  performed  against  a  given  resistance  be  given,  then  the  pro- 
duct of  that  velocily  into  the  resistance  obvioiuly  gives  the  rate  of 
work,  or  e£feotive  |)ower.  If  the  velocitv  is  eiven  in  feet  per  second, 
and  the  resistance  m  pounds,  then  their  proauct  is  the  rate  of  work 
in  foot-pounds  per  second,  and  so  of  minutes,  or  hours,  or  other 
units  of  time. 

It  is  usually  most  convenient,  for  purposes  of  calculation,  to 
express  the  velocities  of  the  parts  of  machines  either  in  feet  per 
second  or  in  feet  per  minute.  For  certain  dynamical  calculations 
to  be  afterwards  referred  to,  the  second  is  the  more  convenient 
unit  of  time :  in  stating  the  performance  of  machines  for  practical 
purposes,  the  minute  is  the  unit  most  commonly  employed. 
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Comparison  of  Different  Meaawrea  of  TdodJty. 

Hfles  Feet  Feet  Feet 

per  hour.  per  second.        per  minute.        per  hour. 

1  =  1-4^  «  88  =  5280* 

©•6818  =1  =60  =  3600 

o'oii36  =  o'oi6  =  1  =60 

0*0001893  =  0*00027  =  o-oid  =         I 
Inanticalniile^ 

per  hoar,  or  >  =i'i5o8  =  1-688  =  ioi*27  =  6076 

"knoV j 

The  unitB  of  time  being  the  same  in  all  civilized  coimtries,  the  pro- 
portions amongst  their  units  of  velocity  are  the  same  with  those 
amongst  their  linear  measures. 

5.  WOTk  In  Terms  of  Ancalar  IfTolion.     {A,  M.,  593.) — When  a 

resisting  force  opposes  the  motion  of  a  part  of  a  machine  which 
moves  loxmd  a  fixed  axis,  such  as  a  wheels  an  axle,  or  a  crank,  the 
product  of  the  amount  of  that  resistance  into  its  leverage  (that  is, 
the  perpendicular  distance  of  the  line  along  which  it  acts  from  the 
fixed  axis)  is  called  the  TnomerU,  or  statical  moment^  of  the  resist- 
ance. If  the  resistance  is  expressed  in  pounds,  and  its  leverage  in 
feet,  then  its  moment  is  expressed  in  terms  of  a  measure  which 
may  be  called  a  footr^pound,  but  which,  nevertheless,  is  a  quantity 
of  an  entirely  different  kind  from  a  foot-pound  of  work. 

Suppose  now  that  the  body  to  whose  motion  the  resistance  is 
opposed  turns  through  any  number  of  revolutions,  or  parts  of  a 
revolution;  and  let  T  denote  the  angle  through  which  it  turns, 
expressed  in  revolutions,  and  parts  of  a  revolution;  also,  let 

2  X  =  6-2832 

denote,  as  is  customary,  the  ratio  of  the  circumference  of  a  circle  to 
its  ntdiua  Then  the  distance  through  which  the  given  resistance 
is  overoome  is  expressed  by 

the  leverage  x  2  «-  X  T ; 

^t  is,  by  the  product  of  the  circumference  of  a  circle  whose  radius 
is  the  leverage,  into  the  number  of  turns  and  fractions  of  a  turn 
made  by  the  rotating  body. 

The  distance  thus  found  being  multiplied  by  the  resistance  over- 
wnxe,  gives  the  work  performed;  that  is  to  say, 

The  toorh  performed 
=  the  reriitance  x  ^^  leverage  x  2  s*  X  T. 


4  IHTBODUCnOV. 

But  the  product  of  the  lesistanoe  into  the  leverage  is  what  is  called 
the  moment  of  the  resistance,  and  the  product  2  s-  T  is  called  the 
anffula/r  motion  of  the  rotating  body;  conseqnentlj, 

The  work  perfonned 
sz  the  mo7nmt  of  the  resistance  x  the  angtdar  motion. 

The  mode  of  compnting  the  work  indicated  by  this  last  eqnatioa 
is  often  more  convenient  than  the  direct  mode  already  ezplamed  in 
Article  2. 

The  angular  motion  2  s-  T  of  a  body  during  some  definite  unit  of 
time,  as  a  second  or  a  minute,  is  callt^d  its  angular  vdpdty;  that  is 
to  say,  angular  velocity  is  tlie  product  of  the  turns  andJrcKtions  o/a 
turn  made  in  an  unit  of  time  into  the  ratio  (2  x  =  6*2832)  qftltta 
circumference  of  a  circle  to  its  radius.     Hence  it  appears  that 

Tlie  rate  of  work 
:=  the  moment  of  tlte  resi^anee  x  the  angular  vdocity. 


6.    Work  la  Terms  •£  PrcMwe  aad  Tolame.      (A,  Af.,  517.) — If 

the  resistance  overcome  be  a  pressure  uniformly  distributed  over  aa 
area,  as  when  a  piston  drives  a  fluid  before  it,  then  the  amount  of 
that  resistance  is  equal  to  the  intensity  of  the  pressure,  expressed 
in  units  of  force  on  each  unit  of  area  (for  example,  in  pounds  on. 
the  square  inch,  or  poimds  on  the  square  foot)  multiplied  by  the 
area  of  the  surface  at  which  the  pressure  acts,  if  that  area  is  per- 
pendicular to  the  direction  of  the  motion ;  or,  if  not,  then  by  the 
projection  of  that  area  on  a  plane  perpendicular  to  the  direction  of 
motion.  In  practice,  when  the  area  of  a  piston  is  spoken  of,  it  is 
always  understood  to  mean  the  projection  above  mentioned 

Now,  when  a  plane  area  is  multiplied  into  the  distance  through 
which  it  moves  in  a  direction  perpendicular  to  itself,  if  its  motion 
is  straight,  or  into  the  distance  through  which  its  centre  of  gitivity 
moves,  if  its  motion  is  curved,  the  product  is  the  volume  of  the 
space  traversed  by  the  piston. 

Hence  the  work  peiformed  by  a  piston  in  driving  a  fluid  before 
it,  or  by  a  fluid  in  driving  a  piston  before  it,  may  be  expressed  in 
either  of  the  following  ways : — 

Eesista/nce  x  distance  tra/versed 

=:  intensity  of  pressure  x  orea  X  distance  traneraed; 

=  intensity  of  pressure  x  volume  trcwersed. 

In  order  to  compute  the  work  in  foot-pounds,  if  the  pressure  is 
stated  in  pounds  on  the  square  foot,  the  area  should  be  stated  in 
square  feet,  and  the  volume  in  cubic  feet ;  if  the  pressure  is  stated  in 
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pounds  on  the  square  inch,  the  area  should  be  stated  in  square  inches, 
and  the  yolume  in  units,  each  of  which  is  a  prism  of  one  foot  in 

length  and  one  square  inch  in  area:  that  Ib,  of  =-7-7  of  a  cubic  foot 

144: 

in  Toluma 

The  foUowing  table  gives  a  comparison  of  Tarious  units  in  which 
the  intensities  of  pressures  are  commonly  expressed.    {A,  M,,  86.) 

Poonds  on  the  Poonds  on  the 

square  foot.  SQoare  inch. 

One  pound  on  the  square  inch, 144 

One  pound  on  the  square  foot, i  li* 

One  inch  of  mercury  (that  is,  weight 

of  a  column  of  mercury  at  32^ 

Fahr.,  one  inch  high), 7o*73  o*49ia 

One  foot  of  water  (at  39*-l  Fahr.),         62*425  04335 

One  inch  of  water, 5-2021  0-036135 

One  atmosphere,  of  29*922  inches 

of  mercury,  or  760  millimetres,     2116*3  147 

One  foot  of  air,  at  32^  Fahr.,  and 

imder  the  pressure  of  one  atmo- 
sphere,   0*080728  0*0005606 

One  kilogramme    on  the  square 

m^tre, 0-204813  0*00142231 

One  kilogramme   on   the   square 

millimetre,  204813  1422*31 

One  millimetre  of  mercury, 2-7847  0*01934 

7.  Alseknilcal  BxpnMlons  f«r  Work.  {A,  if.,  515,  517,  593.) — 
To  express  the  results  of  the  preceding  articles  in  algebraical  sym- 
Iwls,  let 

»  denote  the  distance  in  feet  through  which  a  resistance  is  over- 
oome  in  a  given  time ; 

B,  the  amount  of  the  resistance  overcome  in  pounds. 
Also,  supposing  the  resistance  to  be  overcome  by  a  piece  which 
tarns  about  an  axis,  let 

T  be  the  number  of  turns  and  fractions  of  a  turn  made  in  the 
given  time,  and  t  =  2  «-  T  =  6*2832  T  the  angular  motion  in  the 
given  time ;  and  let 

/  be  the  leverage  of  the  resistance ;  that  is,  the  perpendicular 
Stance  of  the  line  along  which  it  acts  from  the  axis  of  motion; 
80  that  8^il,  and  E  Z  is  the  statical  moment  of  the  resistance.  Sup- 
poring  the  resistance  to  be  a  pressure,  exerted  between  a  piston  and 
a  floid,  let  A  be  the  area  or  projected  area  of  the  piston,  and  p  the 
intensity  of  the  pressiure  in  pounds  per  unit  of  area. 


6  '  ZSTRODITCmOK. 

Then  the  following  escpressionB  all  give  quantities  of  work  in  the 
given  time  in  foot-pounds : — 

'Rs;  ilSil;  pA.8;  ipAL 

The  last  of  these  expiessions  is  applicable  to  a  piston  taming  on 
an  axis,  for  which  I  denotes  the  distance  from  the  axis  t»  the  centre 
of  gravity  of  the  area  A. 

8.  Wevk  Agalmt  an  Obliqne  Fmrce.  (A.  M,,  511.) — The  resist- 
ance directly  due  to  a  force  which  acts  against  a  moving  body  in  a 
direction  oblique  to  that  in  which  the  body  moves,  is  found  by 
resolving  that  force  into  two  components,  one  at  right  angles  to  the 
direction  of  motion,  which  may  be  called  a  lateral  force,  and  which 
must  be  balanced  by  an  equal  and  opposite  lateral  force,  unless  it 
takes  effect  by  altering  the  direction  of  the  body's  motion,  and  the 
other  component  directly  opposed  to  the  bod/s  motion,  which  is 
the  resista/nce  required  That  resolution  is  effected  by  means  of  the 
well  known  principle  of  the  parallelogram  of  forces  as  follows : — 

In  fig.  1,  let  A  represent  ike  point  at  which  a  resistance  is  over* 

, ^  come,  A  B  the  direction  in  which 

"] ~7* that  point  is  moving,  and  let  A  P 

}     ^ —  be  a  line    whose  direction    and 

J^^  length  represent  the  direction  and 

pj    ^^  magnitude   of   a  force  obliquely- 

opposed  to  the  motion  of  a1 
From  P  upon  B  A  produced,  let  fell  the  perpendicular  FR  ;  the 
length  of  that  perpendicular  will  represent  tibe  magnitude  of  the 
lateral  component  of  the  oblique  force,  and  the  length  A  B  will 
represent  the  direct  component  or  resistance. 

To  express  this  in  algebraical  symbols,  let  F  denote  the  obliquely 
applied  force,  i  the  angle  of  its  obliquity,  or  B  A  F,  Q  the  lateral 
force,  and  B  the  resistance;  then 

Q  =  F  'sin^;  B  =  F-cos#. 


9.  SaniBuutoB  of  QaaniiiiM  of  Worib — In  every  machine,  resist- 
ances are  overcome  during  the  same  interval  of  time,  by  differ- 
ent moving  pieces,  and  at  different  points  in  the  same  moving 
piece;  and  the  whole  work  performed  during  the  given  interval  is 
found  by  adding  together  the  several  products  of  the  resistances 
into  the  respective  distances  through  which  they  are  simultaneously 
overcoma  It  is  convenient,  in  a%ebraical  symbols,  to  denote  the 
result  of  that  Bommation  by  the  symbol — 

2-R»; (1.) 

fai  which  Z  denotes  the  operation  of  taking  the  sum  of  a  set  of 
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qmmtitieB  of  the  kind  denoted  by  the  symbols  to  which  it  is  pro* 

When  the  resistances  aie  overcome  by  pieces  turning  upon  axes, 
the  above  sum  may  be  expressed  in  the  form — 

5  •  %  B  f  ; 4±) 

and  so  of  other  modes  of  expressing  quantities  of  work. 

The  fidlowing  are  particular  cases  of  the  summation  of  quantities 
of  work  performed  at  different  points : — 

L  In  a  shifting  piece,  or  one  which  has  the  kind  of  movement 
tailed  trand4iHon  oidy,  the  velocities  of  every  point  at  a  given  in- 
•tant  are  eqnal  and  p8^:allel;  hence,  in  a  given  interval  of  time,  the 
motions  of  all  the  points  are  equal;  and  the  work  performed  is  to 
be  found  by  multiplying  the  sum  of  the  resistances  into  the  motion 
as  a  common  Victor ;  an  operation  expressed  algebi-aically  thus — 

fSR; ^ (3.) 

IL  For  a  turning  pteoe,  the  angular  motions  of  all  the  points 
during  a  given  interval  of  time  are  equal;  and  the  work  performed 
is  to  be  fonnd  by  multiplying  the  sum  of  the  moments  of  the  resist- 
anott  rdaiivdy  to  the  aads  into  the  angular  motion  as  a  common 
&ctor — an  operation  expressed  algebraically  thus — 

The  sum  denoted  by  2  *  R  7  is  the  total  mxyiMfnt  ofrmstofnce  of  the 
piece  in  question. 

IIL  In  every  Pram  ofmechamsm,  the  proportions  amongst  the 
motions  performed  during  a  given  interval  of  time  by  the  several 
moving  pieces,  can  be  determined  from  the  mode  of  eonnection  of 
those  pieces,  independently  of  the  absolute  magnitudes  of  those 
motioBBy  by  the  aid  of  the  science  called  by  Mr.  Willis,  Pv/re 
MsAaniam,  This  enables  a  calculation  to  be  performed  which  is 
called  reducing  the  resistances  to  the  driving  point;  that  is  to  say, 
detennining  ^e  resistances,  which,  if  they  acted  directly  at  the 
point  where  the  motive  powvsr  is  applied  to  the  machine,  would 
require  the  same  quantity  of  work  to  overcome  them  with  the 
actual  resistancefl. 

Suppose,  for  example,  that  by  the  principles  of  pure  mechanism 
it  is  found,  that  a  certain  point  in  a  machine,  where  a  resistance  R 
is  to  be  overcome,  moves  with  a  velocity  bearing  the  ratio  nil  to 
the  velocity  of  the  driving  point.  Then  the  work  performed  in 
overooming  that  resistance  will  be  the  same  as  if  a  resistance  n  It 
^ere  overcome  directly  at  the  driving  point.  If  a  similar  calcula- 
tioQ  be  made  for  each  point  in  the  machine  where  resistance  m 
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•OYercome,  and  the  results  added  together,  as  the  foUowing  symbol 
denotes : — 

snR, (5.) 

that  sum  is  the  equitxilent  resistance  at  the  driving  point;  and  if  in 
«  given  interval  of  time  the  driving  point  moves  through  the  dis- 
tance 8f  then  the  work  performed  in  that  time  is — 


tf  3  -nR. 


.(6.) 


The  process  above  described  is  often  applied  to  the  steam  engine, 
by  reducing  all  the  resistances  overcome  to  equivalent  resistances 
Acting  directly  against  the  motion  of  the  piston. 

A  similar  method  may  be  applied  to  the  moments  of  resistances 
^overcome  by  rotating  pieces,  so  as  to  reduce  them  to  equivalent 
-momenta  at  the  driving  axle.  Thus,  let  a  resistance  R,  with  the 
leverage  I,  be  overcome  by  a  piece  whose  angular  velocity  of  rota- 
tion bears  the  ratio  n  :  1  to  that  of  the  driving  axle.  Then  the 
equivalent  moment  of  resistance  at  the  driving  axle  is  n  R  / ;  and 
if  a  similar  calculation  be  made  for  each  rotating  piece  in  the 
machine  which  overcomes  resistance,  and  the  results  added  to- 
jgether,  the  sum — 

2-nRZ (7.) 

is  the  total  equivalent  moment  of  resistance  at  the  driving  axle;  and 
if  in  a  given  interval  of  time  the  driving  axle  turns  through  the 
sxc  %  to  radius  unily,  the  work  performed  in  that  time  is — 

»  s  •  n  R  I (8.) 

rV.  Centre  of  Gravity, — The  work  prformed  in  lifting  a  body 
is  the  prodv4A  of  the  weight  of  the  body  into  Uhs  height  thfrough  toAicA 
its  centre  of  gravity  is  lifted. 

If  a  machine  lifts  the  centres  of  gravity  of  several  bodies  at  once 
to  heights  either  the  same  or  different,  the  whole  quantity  of  work 
performed  in  so  doing  is  the  sum  of  the  several  products  of  the 
weights  and  heights ;  but  that  quantity  can  also  be  computed  by 

multiplying  the  sum  of  all  tJie 
weiglds  into  the  heiglU  through 
which  their  common  centre  of 
gravity  is  lifted. 

10.  ReprcsentatlMi  ofW^rk  hj 

aa  Area. — Ab    a    quantity  of 
work  is  the  product    of   two 
quantities,  a  force  and  a  motion. 
Fig.  2.  it  may  be  represented   by  the 

area  of  a  plane  figure,  which  is  the  product  of  two  dimensions. 
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Let  ike  base  of  the  rectangle  A,  fig.  2,  represent  one  foot  of  motion, 
and  its  height  one  pound  of  resistance;  then  will  its  area  represent 
0D6  foot-ponhd  of  work. 

In  the  larger  rectangle,  let  the  base  OS  represent  a  certain 
motion  «,  on  tiie  same  s^e  wiUi  the  base  of  the  unit-area  A;  and 
let  the  height  OR  represent  a  certain  resistance  E,  on  the  same 
scale  with  the  height  of  the  unit-area  A;  then  will  the  number  of 
times  that  the  rectangle  O  S  *  O  R  contains  the  nnit-rectangle  A, 
express  the  number  of  foot-pounds  in  the  quantity  of  work  R  s, 
which  is  performed  in  overcoming  tiie  resistance  R  through  the 
distance  «. 

11.  W«rk  A«n!nat  Taiylns  BenMancc  {A.  M,,  515). — In  ^g,  3 
let  distances  as  before,  be  re- 
presented by  lengths  measured 
along  the  base  line  O  X  of  the 
6gure;  and  let  the  magnitudes 
of  the  resiistance  overcome  at 
each  instant  be. represented  by 
the  lengths  of  ordmates  drawn 
perpendicular  to  O  X,  and  paral- 
lel to  O  Y:  — For  example, 
when  the  working  body  has  moved  through  the  distance  repre- 
fiented  by  O  S,  let  the  resistance  be  represented  by  the  ordinate  SR. 
If  the  resistance  were  constant,  the  summits  of  those  ordinate.: 
wonld  lie  in  a  straight  line  parallel  to  O  X,  like  RB  in  fig.  2;  but 
if  the  resistance  varies  continuously  as  the  motion  goes  on,  the 
fiommits  of  the  ordinates  will  lie  in  a  line,  straight  or  curved,  such 
ai that  marked  ERG,  fig.  3,  which  is  not  parallel  to  O X. 

The' values  of  the  resistance  at  each  instant  being  repi-esented  by 
the  ordinates  of  a  given  line  ERG,  let  it  now  be  required  to  deter- 
odne  the  work  performed  against  that  resistance  during  a  motion 
represented  by  O  F  =  *. 

Suppose  the  area  O  E  G  F  to  be  divided  into  bands  by  a  series  of 
paialld  ordinates,  such  as  A  C  and  B  D,  and  between  the  upper 
ends  of  those  ordinates  let  a  series  of  short  lines,  such  as  C  D,  be 
drawn  parallel  to  O  X,  so  as  to  form  a  stepped  or  serrated  outline, 
coBsisting  of  lines  parallel  to  OX  and  O  Y  alternately,  and  approxir 
vuUing  to  the  given  continuous  line  E  G. 

Now  conceive  the  resistance,  instead  of  vaiying  continuously,  to 
remain  constant  during  each  of  the  series  of  divisions  into  which 
the  motion  is  divided  by  the  parallel  ordinates,  and  to  change 
ibraptly  at  the  instants  between  those  divisions,  being  represented 
for  ^ch  division  by  the  height  of  the  rectangle  which  stands  on 
tliat  division :  for  example,  during  the  division  of  the  motion  i-e- 
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presented  hj  AB,  let  the  resistanoe  be  represented  by  AC,  and  so 
for  other  divisions. 

Then  the  work  performed  during  the  division  of  the  motion  re- 
presented by  A  B^  on  the  supposition  of  alternate  constancy  and 
abrupt  variation  of  the  resistance,  is  represented  by  Uie  rectangle 
AB'AO;  and  the  whole  work  performed,  on  the  same  suppoBitiony 
during  the  whole  motion  O  F,  is  represented  by  the  sum  of  ail  the 
rectangles  lying  between  the  parallel  ordinates ;  and  inasmuch  as 
the  supposed  mode  of  variation  of  the  resistance  represented  by  the 
stepped  outline  of  those  rectangles  is  an  approximation  to  the  real 
mode  of  variation  represented  by  the  continuous  line  E  G,  and  is  a 
closer  approximation  the  closer  and  the  more  numerous  the  parallel 
ordinates  are,  so  the  sum  of  the  rectangles  is  an  approximation  to 
the  exact  representation  of  the  work  performed  agsunst  the  conti- 
nuously varying  resistance,  and  is  a  closer  approximation  the  closer 
and  more  numerous  the  ordinates  are,  and  by  making  the  ordinates 
numerous  and  close  enough,  can  be  made  to  differ  from  the  exact 
representation  by  an  amount  less  than  any  given  difference. 

But  the  sum  of  those  rectangles  is  also  an  approximation  to 
the  area  O  E  G  F,  bounded  above  by  the  continuous  line  E  G,  and  is 
a  closer  approximation  the  closer  and  the  more  numerous  the  ordi- 
nates are,  and  by  making  the  ordinates  numerous  and  close  enough, 
can  be  made  to  differ  fi^m  the  area  O  E  G  F  by  an  amount  less 
than  any  given  difference. 

Therefore  the  area  OEGF,  hounded  hy  the  straight  line  OF,  which 
represents  the  motion,  hy  the  line  E  G,  whose  ordinates  represent  the 
values  of  the  resistance,  amdhy  Hie  two  ordinates  O  E  and  F  G,  repre- 
sents exactly  the  work  performed. 

The  MEAN  RESISTANCE  during  J^e  motion  is  found  by  dividing 
the  area  O  E  G  F  by  the  motion  O  F. 

The  following  is  the  mode  of  expressing  the  above  results  in 
algebraical  symbols : — 

Let  any  dividon  of  the  motion,  such  as  A  B,  be  denoted  by  A  «; 
«  =  2  *  A«  being  the  sum  of  all  these  divisions,  or  the  entire  motion 
OF.  

Let  one  of  the  values  of  the  resistanoe  for  the  division  A  B  of  the 
motion  be  B;  and  let  this  represent  the  height  AC  of  the  rectangle 
which  stands  on  A  B  in  Uie  approximate  representation  of  the  work. 
Then 

Ba« 
represents  the  area  of  that  rectangle;  and  the  sum  of  the  whole 
series  of  rectangles,  which  is  an  approximate  representation  of  the 
work  performd(^  is  denoted  by 
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3  '  R  A* (1.) 

Tie  Imit  or  nrcBaRAL  towards  which  that  sum  approximates  aa 
toedrnaons  A«  are  increased  indefinitely  in  number,  and  dimi- 
mahed  indefimtely  in  length,  being  the  areaOEGF,  and  ikeexact 
f^prtmOahon  ofthA  work  performed,  is  denoted  by 

j  ^ds; (2.) 

and  the  mean  resistance  by 

^Hds 


h 


(3-) 

To  illiistiatie  the  application  of  those  principles  by  an  example,  let 
there  be  a  spiral  spring  which  exerts  a  tension  of  100  lb&  when  it 
is  stretched  one-t^th  of  a  foot,  and  whose  tension  at  other  elonga^ 
lions  yaries  simply  as  the  elongation;  and  let  it  be  required  to  find 
how  much  work  is  performed  in  stretching  it  from  its  ordinary  state 
to  «Q  elongation  of  0O6  of  a  foot.  In  fig.  4,  on  the  straight 
line  O  X,  take  O  A  to  reprgent  01  .b 
foot,  and  draw  AB  JL  OX  to  re- 
present 100  lbs.  Draw  the  straight 
line  OB;  then  because  the  tensions 
we  simply  proportional  to  the^  elon- 
gations, the  ordinate  R  S  ||  AB  will  ^     

represent  the  tension  R  for  any  given  Fig.  4. 

dongadon  OS  =  s;  and  the  triangular  area  O  SR  =  —-will  re- 

present  the  wwrk  performed  in  producing  that  domratian.     In  the 
present  caae, 

*  =  0K)6foot;  R^O-Qg^x^lOO^gQibs.;  ^ 

R« 

— ^=  1-8  foot-pounds, 

vhile  the  mean  xeaistanoe  during  the  elongation  is 
i^  +  .  =  ^=301bs. 


A  i-  ^iN^'^*J"""'"  ^••■^•^•'•»  •''  ««««»«i«.  (Extracted  from 
^;  ^'f  81). — ^Reference  having  been  made  to  the  process  of  wtegra- 
«on,  the  present  article  is  intended  to  aflford  to  those  who  have  not 
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made  that  branch  of  mathematics  a  special  study,  some  elementary 
information  respecting  it 
The  meaning  of  the  symbol  of  an  integral,  viz. : — 

J  y(^^ 
is  of  the  following  kind : — 

In  fig.  d,  let  A  C  D  B  be  a  plane  area,  of  which  one  bonndaiy,  AB 

is  a  portion  of  an  axis  of  abscissa; 
OX,  —  the  opposite  boundary, 
0  D,  a  curve  of  any  figure, — and 
the  remaining  boundaries,  A  C, 
B  D,  ordinates  perpendicular  to 
"b  b     ^  O  X,  whose  respective  abscissae, 

Fig*  6*  or  distances  from  the  origin  O^  are 

OA  =  o;  CTB  =  b. 

Let  E  F  s=  ^  be  any  ordinate  whatsoever  of  the  curve  C  D,  and 
O  E  =  a;  the  coiTCsponding  abscissa.  Then  the  integral  denoted  by 
the  fifymboly 


/ 


^ydx, 


means,  the  area  of  ihe  figure  ACDB.  The  abscissae  a  and  by 
which  are  the  least  and  greatest  values  of  a;,  and  which  indicate 
the  longitudinal  extent  of  the  area,  are  called  the  limiU  ofvnUgra- 
tion;  but  when  the  longitudinal  extent  of  the  area  is  otherwise  in- 
dicated, the  symbols  of  those  limits  are  sometimes  omitted,  as  in 
the  preceding  Article. 

When  the  relation  between  y  and  x  is  expressed  by  any  ordinary 
algebraical  equation,  the  value  of  the  integral  for  a  given  pair  of 
values  of  its  limits  can  generally  be  found  by  means  of  formulae 
which  are  contained  in  works  on  the  Integral  Calculus,  or  by  means 
of  mathematical  tables. 

Cases  may  arise,  however,  in  which  y  cannot  be  so  expressed  in 
terms  of  x;  and  then  approximate  methods  must  be  employed. 
Those  approximate  methods  are  founded  upon  the  division  of  the 
area  to  l:^  measured  into  bands  by  parallel  and  equi-distant  ordi- 
nates, the  approximate  computation  of  the  areas  of  those  bands,  and 
the  adding  of  them  together;  and  the  more  minute  that  division  is, 
the  more  near  is  the  result  to  the  truth.  The  simplest  approxima- 
tion is  as  follows  : — 

Divide  the  area  A  C  D  B^  as  in  fig.  G,  into  any  convenient  ntun- 
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bcr  of  huxda  hy  parallel  ordinates^  whose  uniform  distanoe  apart 

is  A  «;  80  that  if  n  be  the  num-  

ber  of  bandsy  n  +  1  will  be  the 
niunber  of  oitiiiiates,  and 

b  —  a  =  n  ^x, 


the  length  of  the  figure.  Fig.  6. 

Let  y ,  y*,  denote  the  two  ordinates  which  bound  one  of  the 
bands;  then  the  area  of  that  band  is 

2^     '  ^  «>  nearly; 

and  (xmsequentlyy  adding  together  the  approximate  areas  of  all  the 
bandsy-^enoting  the  extreme  ordinates  as  follows, — 

AC=:y.;  BlD=y»; 

and  the  intermediate  ordinates  by  y^,  we  find  for  the  approximate 
Talne  of  the  integral — 


J[y<^^==(j  +  ^+^'y^  ^x,nearl7/. 


12.  Vflcibi  ir«rk  and  i^Mt  Wmk. — The  useful  work  of  a  ma- 
cbine  is  that  which  is^peifoPfned-in  effecting  the  purpose  for  which 
tbe  niachine  is  designed.  The  lost  work  is  that  whidi  is  performed 
in  producing  efiects  foreign  to  that  purpose.  The  resistances  over^ 
come  in  performing  those  two  kinds  of  work  are  called  respectively 
ytrfvl  redstance  and  prefudicial  resitttance. 

The  useful  work  and  the  lost  work  of  a  machine  together  make 
np  its  total  or  gross  loork. 

In  a  pumping  engine,  for  example,  the  useful  work  in  a  given 
time  is  the  product  of*  the  weight  of  water  lifted  in  that  time  into 
tbe  height  to  which  it  is  lifted :  the  lost  work  is  that  performed  in 
overooming  the  friction  ofthe  water  in  the  pumps  and  pipes,  the 
&ictiffl^<«f  ^e  "pluBgrnn^  pistons,  valves,  and  mechanism,  and  the 
i^esis^ce  of  the  air  pump  and  other  parts  ofthe  engine. 

In  many  machines,  there  is  gi*eat  difficulty  in  precisely  drawing 
the  line  between  useful  work  and  lost  worL  In  the  cose  of  the 
^P^cial  subjects  of  this  treatise,  Pbime  Movers,  that  difficulty  sel- 
dom exists.  They  are  macfwnesfor  driving  other  machines;  so  that 
^^r  nsefol  work  is  that  performed  in  overcoming  the  resistances 
^tbe  machines  which  they  drive;  and  their  lost  work  is  that  por- 
^'^ODx^  in  overcoming  their  own  resistanceai 


14  ESTRODUCnON. 

For  example,  the  usefdl  work  of  a  marine  steam  engine  in  a 
given  time  is  the  product  of  the  resistanoe  opposed  by  the  water  to 
the  motion  of  the  ship,  into  the  distance  tfarongh  which  she 
moves :  the  lost  work  is  that  performed  in  overcoming  the  resist- 
ance of  the  water  to  the  motion  of  the  propeller  through  it,  the 
friction  of  the  mechanism,  and  the  other  resistances  of  the  engine, 
and  in  raising  the  temperature  of  the  condensation  water,  of  the 
gases  which  escape  by  the  chimney,  and  of  adjoining  bodies. 

There  are  some  cases,  such  as  those  of  muscular  power  and  of 
windmiUs,  in  which  the  useful  work  of  a  prime  mover  can  be 
•determined,  but  not  the  lost  work. 

13.  Frtctimk  (Partly  extracted  and  abridged  from  J.  if.,  189, 
190,  191,  204,  and  669  to  685).— The  most  frequent  cause  of  loss 
of  work  in  machines  is  friction — ^being  that  force  which  acts  be- 
tween two  bodies  at  their  sur&ce  of  contact  so  as  to  resist  their 
sliding  on  each  other,  and  which  depends  on  the  force  with  which 
the  bodies  are  pressed  together.  The  following  law  respecting  the 
friction  of  solid  bodies  has  been  ascertained  by  experiment : — 

The  friction  which  a  given  pair  of  solid  bodies y  with  their  swrfacee 
in  a  given  condition,  are  capable  of  exerting,  is  drnpiy  proportional 
to  the  force  with  which  they  are  pressed  toge&er. 

There  is  a  limit  to  the  exactness  of  the  above  law,  when  the 
pressure  becomes  so  intense  as  to  crush  or  grind  the  parts  of  the 
bodies  at  and  near  their  surface  of  contact.  At  and  beyond  that 
limit  the  friction  increases  more  rapidly  than  the  pressure;  but 
that  limit  ought  never  to  be  attained  at  the  beuings  of  any 
machine.  For  some  substances,  especially  those  whose  surfiBu^es 
are  sensibly  indented  by  a  moderate  pressure,  such  as  timber,  the 
friction  between  a  pair  of  surfaces  which  have  remained  for  some 
time  at  rest  relatively  to  each  other,  is  somewhat  greater  than  that 
between  the  same  pair  of  surfaces  when  sliding  on  each  other. 
That  excess,  however,  of  the  friction  of  rest  over  the  friction  of 
motion,  is  instantly  destroyed  by  a  slight  vibration;  so  that  the 
friction  of  motion  is  alone  to  be  taken  into  account  as  causing  con- 
tinuous loss  of  work.  In  general,  the  bearings  of  machines  ought 
not  to  be  left  long  enough  at  rest  at  a  time  to  allow  the  friction 
sensibly  to  increase  beyond  the  friction  of  motion. 

The  friction  between  a  pair  of  bearing  sui&oes  is  calculated  by 
mtdtiplying  the  force  with  which  they  are  directly  pressed  together, 
by  a  factor  called  the  co-efficient  of  friction,  which  has  a  special 
value  depending  on  the  nature  of  the  materials  and  the  state  of  the 
surfaces  as  to  smoothness  and  lubrication.  Thus,  let  E  denote  the 
friction  between  a  pair  of  surfaces;  Q,  the  force,  in  a  direction  per- 
pendicular to  the  sur&ces,  with  which  they  are  pressed  together; 
and/theoo-effident  of  friction;  then 
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The  oo-effident  of  friction  of  a  given  pair  of  surfaces  is  the  tan- 
gent of  an  angle  called  the  angle  qjf  repose,  being  the  greatest  angle 
which  an  obliqne  pressure  between  the  surfaces  can  make  with  a 
perpendicular  to  them,  without  making  them  slide  on  each  other. 

The  following  is  a  table  of  the  angle  of  repose  ^,  the  co-efficient 
of  Motion  /=z  tan  0,  and  its  reciprocal  1  :/,  for  the  materials  of 
mechanism— condensed  from  the  tables  of  Qeneral  Morin,  and 
other  sources,  and  arranged  in  a  few  comprehensive  classes.  The 
values  of  those  constants  which  are  given  in  the  table  have  re- 
ference to  ihe  friction  ofmc/tiom^    (See  page  653.) 


Ka 


SUBFAOXS. 

Wood  on  wood,  dir, 

w  »»     «»ped, ,. 

Hetab  on  oak,  dr}% 

»  y%       'TO^ 

„  „      soapy, 

Metals  on  elm,  dr}',... 

Hemp  on  oak,  dry, 

W  91      "wct, 

I-eather  on  oak, 

Leather  on  metals,  dry, 

M  f»  yt^t^ 

„  „        greasy, 

?t  M        oily, 

Metals  on  metals,  dry, •< 

tf  n        ""^etj 

Smooth  surfaces,  oocaaionfllly  greased, 
„  „        continually  greased, 

„  „        bestresolts,  ... 

Bronze  on  lignaxn  vitA,  constantly  wet, 


/ 


1:/ 


14°  to  26i° 
llJ°to2* 
26.^**  to  81* 
13J''tol4j° 

lli« 

111**  to  U° 

28** 

18J*» 

16°  to  19i° 

29J° 

20° 

18° 

8i° 

8J°  to  lli° 

16J° 
4°  to  4i° 

8° 

15°  to  2° 

8°? 


•26  to  -6 

•2  to  -04 

•5  to  'O 

-24  to  '26 

•2 
•2  to -25 

•68 

•83 
•27  to  •SS 

•66 

•86 

-28 

•16 
•16  to  -2 

•8 
•07  to  -08 

•06 
•03  to  -086 

•06? 


4to2 

6  to  26 

2  to  1^67 

4-17  to  8-86 

6 

6to4 

1*89 

8 

8-7  to  2-86 

1-79 

2-78 

4*86 

6-67 

6^67  to  6 

8-88 

14-8  to  12-5 

20 

83-8  to  27-6 
20? 


*  hi  a  p^)er,  of  which  an  abstract  has  appeared  in  the  Comptes  Bmdm  of  the 
FrcDdi  Academy  of  Sciences  for  the  26th  of  April,  1868,  M.  H.  Bochet  describes  a 
Kriei  of  experiments  which  have  led  him  to  the  conclusion,  that  the  friction  between 
a  pair  of  snrfaces  of  unon  is  not,  as  it  has  hitherto  been  believed,  absolutely  in- 
def4Ddent  of  the  velocity  of  sliding,  bnt  that  it  diminishes  slowly  as  that  velocity 
iiKtBases,  according  to  a  law  expressed  by  the  following  formula.    Let 

R  denote  the  firictloo; 

Q,  the  pKssofB ; 

r,  the  velocity  of  sliding,  in  metres  per  second  =  velocity  in  feet  per  second 
X  0-3048; 

/fl^y,  eonatantco-effidents;  then 

Q  ~"   1  +ac 
Tteibaowiog  are  the  valnee  of  the  oo-eflidentB  deduced  t>y  M.  Bochet  from  his 
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14.  Vngnenii. — Three  results  in  the  preceding  table,  Nos.  16,  17, 
and  18,  have  reference  to  smooth  firm  surfaces  of  any  kind,  greased 
or  lubricated  to  such  an  extent  that  the  friction  depends  chiefly  on 
the  continual  supply  of  unguent,  and  not  sensibly  on  the  nature  of 
the  solid  surfaces  j  and  this  ought  almost  always  to  be  the  case  in 
machineiy.  Unguents  should  be  thick  for  heavy  pressures,  that 
they  may  resist  being  forced  out,  and  thin  for  light  pressures,  that 
their  viscidity  may  not  add  to  the  resistance^ 

Unguents  may  be  divided  into  four  classes,  as  follows  : — 

I.  Water,  which  acts  as  an  unguent  on  surfiices  of  wood  and 
leather.  It  is  not,  however,  an  unguent  for  a  pair  of  metallic 
surfaces;  for  when  applied  to  them,  it  increases  their  friction. 

II.  Oily  unguents,  consisting  of  animal  and  vegetable  fixed  oils, 
as  tallow,  lard,  lard  oil,  seal  oU,  whale  oil,  olive  oil.  The  vegetable 
drying  oils,  such  as  linseed  oil,  are  unfit  for  unguents,  as  they 
absorb  oxygen,  and  become  hard.  The  animal  oils  are  on  the 
whole  better  than  the  vegetable  oil& 

III.  Soapy  unguents,  composed  of  oil,  alkali,  and  water.  For  a 
temporary  purpose,  such  as  lubricating  the  ways  for  the  launch  of 
a  ship,  oue  of  the  best  unguents  of  this  class  is  soft  soap,  made  from 
whale  oil  and  potash,  and  used  either  alone  or  mixed  with  tallow. 
But  for  a  permanent  purpose,  such  as  lubricating  railway  carriage 
axles,  it  is  necessary  that  the  unguent  should  contain  less  water 
and  more  oil  or  fatty  matter  than  soft  soap  does,  otherwise  it 
would  dry  and  become  stiff  by  the  evaporation  of  the  water.  Tlie 
best  grease  for  such  purposes  does  not  contain  more  than  from  25 
to  30  per  cent  of  water;  that  which  contains  40  or  50  per  cent 
is  bad. 

IV.  Bituminous  unguents,  in  which  liquid  mineral  hydrocarbons 
are  used  to  dissolve  and  dilute  oily  and  fatty  substances. 

The  intensity  of  the  pressure  between  a  pair  of  greased  surfaces 
ought  not  to  be  so  great  as  to  force  out  the  unguent  The  follow- 
ing formula  agrees  very  fairly  with  the  results  of  practice ; — 

Let  t;  be  the  velocity  of  sliding,  in  feet  per  second;  p,  the  greatest 
pro|)er  intensity  of  pressure,  in  lbs.  on  the  square  inch ;  then 

44800 
^  "  60  «  +  20' 

p  ought  not  in  any  case  to  exceed  1200. 

experiments,  for  iron  lorfaoeB  of  wheels  and  skids  robbing  loogitudinanj  oo  iron 
rails:— 

f,  for  dry  surfaces,  O'S,  0*26,  0*8;  for  damp  surfaces,  0*14. 

a,  for  irheels  sliding  on  rails,  0'03 ;  for  slcids  sliding  on  rail9,  0*07. 

Y,  not  yet  detennined,  but  treated  meanwliile  as  inappreciably  (mail. 
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The  work  performed  in  a  given  time  in  overcoming  the  friction. 
ktween  a  pair  of  surfaces  is  the  product  of  that  friction  into  the 
<iistenoe  through  which  one  surface  slides  over  the  other. 

When  the  motion  of  one  surface  relatively  to  the  other  consisits 
ID  rotatioii  about  an  axis,  the  -work  performed  may  also  be  cal- 
eolated  by  multiplying  the  relative  angiUar  motion  of  the  surfaces 
to  radius  tmity  into  the  moTnent  offridiwn  ;  that  is,  the  product  of 
the  friction  into  its  leverage,  which  is  the  mean  distance  of  ther 
mbbing  surfiaces  from  the  axis. 

For  a  cylindrical  journal,  the  leverage  of  the  friction  is  simply 
the  radins  of  the  journal 

For  a  jia/^  pivot,  the  leverage  is  two-thirds  of  the  radius  of  the 
pivot 

For  a  eoUar,  let  r  aad  r'  be  the  outer  and  inner  radii;  then  the. 
leverage  of  the  friction  is 

2    r« ff^ 

i^ (^•> 

For  "ScMMa  anti-Jriction  pivot,**  whose  longitudinal  section  i& 
the  curve  called  the  "  tractrix,"  the  moment  of  friction  is/  x  the 
load  X  the  external  radius.  This  is  greater  than  the  moment  for 
&n  equally  smooth  flat  pivot  of  the  same  radius;  but  the  anti-fric- 
tion pivot  has  the  advantage,  inasmuch  as  the  wear  of  the  surfaces: 
IS  uniform  at  every  point,  so  that  they  always  fit  each  other  accu- 
rately, and  the  pressure  is  always  uniformly  distributed,  and  never 
becomes,  as  is  the  case  in  other  pivots,  so  intense  at  certain  points. 
u  to  force  out  the  unguent  and  grind  the  surfaces. 

In  the  cup  and  ball  pivot,  the  end  of  the  shaft,  and  the  step  on. 
^hich  it  presses,  present  two  recesses  facing  each  other,  into  which, 
ve  fitted  two  shallow  cups  of  steel  or  hard  bronze.  Between  the 
concave  spherical  surfaces  of  those  cups  is  placed  a  steel  ball,  being, 
either  a  complete  sphere,  or  a  lens  having  convex  surfaces  of  a. 
somewhat  less  radius  than  the  concave  suilGEices  of  the  cups.  The. 
moment  of  friction  of  this  pivot  is  at  first  almost  inappreciable, 
from  the  extreme  smallness  of  the  radius  of  the  circles  of  contact, 
of  the  ball  and  cups;  but  as  they  wear,  that  radius  and  the  moment 
of  fiiction  increase. 

By  the  rolling  of  two  surfaces  over  each  other  without  sliding,  a. 
nastanoe  is  caused,  which  is  called  sometimes  '*  rolling  Motion,*' 
but  more  correctly  rolling  resistance.  It  is  of  the  nature  of  a  couple- 
resisting  rotation;  its  moment  is  found  by  multiplying  the  normal 
pressure  between  the  rolling  surfaces  by  an  arm  whose  lengt-k 
depends  on  the  nature  of  the  rolling  suifaces;  and  the  work  lost^ 
in  an  unit  of  time  in  overcoming  it  is  the  product  of  its  moment 
^  the  angular  vdocUy  of  the  rolling  surfaces  relatively  to  eaciw 
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other.   The  following  are  approximate  values  of  the  aim  in  decMinaU 
of  afoot: — 

Oak  upon  oak, ....o'Oo6  (Conlomb). 

Lignum-vitse  on  oak, 0-004        — 

Cast-iron  on  cast-iron, 0-002  (Tredgold). 

The  -work  lost  in  friction  produces  heat  in  the  proportion  of  one 
British  theimal  unit,  being  so  much  heat  as  raises  the  temperature 
of  a  pound  of  water  one  degree  of  Fahrenheit,  for  eirexj  772  foot- 
pounds of  lost  work 

The  heat  produced  bj  friction,  when  moderate  in  aovonnt,  is 
useful  in  softening  and  Hquefjing  unguents;  but  when  excessive, 
it  is  prejudicial  bj  decomposing  the  unguents,  and  sometimes  even 
by  softening  the  metal  of  the  bearings,  and  raising  their  tempera- 
ture so  high,  as  to  set  £1-0  to  neighbouring  combustible  matter& 

Excessive  heating  is  prevented  by  a  constant  and  copious  supply 
of  a  good  unguent.  The  elevation  of  temperature  produced  by  the 
friction  of  a  journal  is  sometimes  used  as  an  experimental  test  of  the 
quality  of  unguents.  When  the  velocity  of  rubbing  is  about  four 
or  five  feet  per  second,  the  elevation  of  tempeiuture  has  been  found 
by  some  recent  experiments  to  be,  with  good  fatty  and  soapy  un- 
guents, 40°  to  50°  Fahrenheit,  with  good  mineral  unguents  about  30^. 

14a.  w«rk  of  iiccei«ffMto».  {A,  M.,  12, 521-33,536,547,549, 554, 
589,  591,  593,  595-7.)— In  order  that  the  velocity  of  a  body's 
motion  may  be  changed,  it  must  be  acted  upon  by  some  other  body 
with  a  force  in  the  direction  of  the  change  of  velocity,  which  fi>roe 
is  proportional  directly  to  the  change  of  velocity,  and  to  tiie  maas 
of  the  body  acted  upon,  and  inversely  to  the  time  occupied  in  pro- 
ducing the  change.  If  the  change  is  an  acceleration  or  increase  of 
velocity,  let  the  first  body  be  called  the  driven  bocfy,  and  the  second 
the  drwing  body.  Then  the  force  must  act  upon  tiie  driven  body 
in  the  direction  of  its  motion.  Every  force  being  a  pair  of  eqoal 
and  opposite  actions  between  a  pair  of  bodies,  the  same  force  wM<^ 
accelerates  t&e  driven  body  is  a  rssistance  as  respects  the  driving 
bo<ly. 

For  example,  during  the  commencement  of  the  stroke  of  the 
piston  of  a  steam  engine,  the  velocity  of  the  piston  and  of  its  rod  is 
accelentted;  and  that  acceleration  is  produced  by  a  certain  part^  of 
the  pressure  between  the  steam  and  the  piston,  being  the  excess  of 
that  pressure  above  the  whole  resistance  which  the  piston  has  to 
overcome.  The  piston  and  its  rod  constitute  the  driven  body;  the 
steam  is  the  driving  body;  and  the  same  part  of  the  pressure  which 
accelerates  the  piston,  acts  as  a  resistance  to  the  motion  <rf  the 
steam,  in  addition  to  the  resistance  which  would  have  to  be  over- 
come if  the  velocity  of  the  piston  were  uniform. 
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Tbfi  resistance  due  to  acceleration  is  computed  in  the  following 
manner : — ^It  is  known  by  experiment,  that  if  a  body  near  the 
earth's  suiiaoe  is  accelerated  by  the  attraction  of  the  earth, — that 
is,  by  its  own  weight,  or  by  a  force  equal  to  its  own  weight,  its 
Telocity  goes  on  continually  increasing  very  nearly  at  the  rate  of 
32*2  fed  per  second  of  ctddUional  velocity,  for  each  second  during 
which  the  force  acts.  This  quantity  varies  in  different  latitudes,  and 
at  different  elevations,  but  the  value  just  given  is  near  enough  to 
the  truth  for  purposes  of  mechanical  engineering.  For  brevity's 
sake,  it  is  usually  denoted  by  the  symbol  g;  so  that  if  at  a  given 
instant  the  velocity  of  a  body  is  Vi  feet  per  second,  and  if  its  own 
weight,  or  an  equal  force,  acts  freely  on  it  in  the  direction  of  its 
motion  for  t  seconds,  its  velocity  at  the  end  of  that  time  will  have 
increased  to 

v^=zvi  +  gt (1.) 

If  the  acceleration  be  at  any  different  rate  per  second,  tlie  force 
weessary  to  produce  that  acceleration,  being  the  resistance  on  the 
driving  body  due  to  the  acceleration  of  the  driven  body,  bears  the  same 
proportion  to  the  driven  bod%fs  uxigJU  which  the  actual  rate  of  accele- 
ration bears  to  the  rate  of  acceleration  produced  by  gravity  adding 
Jredy, 

To  express  this  by  symbols,  let  the  weight  of  the  driven  body  be 
denoted  by  W.  Let  its  velocity  at  a  given  instant  be  Vi  feet  per 
second ;  mid  let  that  velodiy  increase  at  an  uniform  rate,  so  that 
at  an  instant  t  seconds  later,  it  is  0|  feet  per  second. 

Let/ denote  the  rate  of  acceleration;  then 

/=-^'; (2.) 

and  the  force  It  necessary  to  produce  it  will  be  given  by  the  pro- 
portion, 

fl':/::W:E; 

that  is  to  say, 

^^/W^Wj(^ 

g  g^  ^  ' 

The  &ctor  — ^  in  the  above  expression,  is  called  the  mass  of  the 
9 
driven  body;  and  being  the  same  for  the  same  body,  in  what  place 
soever  it  may  be,  is  held  to  represent  the  qwmt^y  of  matter  in  the 
body.     (See  Appendix,  page  567,) 

The  product of  the  mass  of  a  body  into  its  velocity  at  any 
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instant,  is  called  its  momentum;  bo  that  the  resistance  dae  to  a 
given  acceleration  is  equal  to  the  increase  o/momenfyim  divided  by 
t/is  time  which  that  increase  occupies. 

If  the  product  of  the  force  bj  which  a  body  is  accelerated,  equal 
and  opposite  to  the  resistance  due  to  acceleration,  into  the  time 
during  'which  it  acts,  be  called  impulse,  the  same  principle  may  be 
otherwise  stated  bj  saying,  that  the  increase  ofmomentvan  is  equaZ 
to  the  impulse  by  wMcli  it  is  ccmsed. 

If  the  rate  of  acceleration  is  not  constant,  bat  variable,  the  force 
R  varies  along  with  it.     In  this  case,  the  value,  at  a  given  instant 

of  the  rate  of  acceleration,  is  represented  by/  =  -^-,  and  the  cor- 

a  t 

responding  value  of  the  force  is 

B=/Z=Z.4_^ (4.) 

g        g     dt  ^  ^ 

The  WORK  PERFORMED  in  accelerating  a  body  is  the  product  of 
the  resistance  due  to  the  rate  of  acceleration  into  the  distance 
moved  through  by  the  driven  body  while  the  acceleration  is  going 
on.  The  resistance  is  equal  to  the  mass  of  the  body,  multiplied  by 
the  increase  of  velocity,  and  divided  by  the  time  which  that 
increase  occupies.  The  distance  moved  through  is  the  product  of 
the  mean  velocity  into  the  same  time.  Therefore,  the  work  per- 
foimed  is  equal  to  the  mass  of  Uie  body  multiplied  by  the  increase 
of  the  velocity,  and  by  the  mean  velocity;  that  is,  to  the  mass  of 
the  body,  mvltiplied  by  the  increase  of  the  half-square  of  its  velocity. 

To  express  this  by  symbols,  in  Uie  case  of  an  uniform  rate  of 
acceleration,  let  s  denote  the  distance  moved  through  by  the  driven 
Dody  during  the  acceleration;  then 

Vt  +  Vi 

«  =  — 2— '^ ^^'^ 

which  being  multiplied  by  equation  3,  gives  for  the  work  of  accel- 
eration, 

^•=  y  •  —r~ '  ~2^ '  *  "T*  ~2~ ^^*> 

In  the  case  of  a  variable  rate  of  acceleration,  let  v  denote  the  mean 
velocity,  and  ds  the  distance  moved  through,  in  an  interval  of  timo 
dt  6o  short  that  the  increase  of  velocity  dv  is  indefinitely  small 
compared  with  the  mean  velocity.     Then 

ds  =  vdt; (7.) 
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▼Lich  being  multiplied  by  eqiiation  4,  gives  for  the  work  of  aocel- 
eiution  duidng  the  interval  d  tj 

Rcif  A  =  —  •  -— .  ,  V  dt 
g      dt 

=  ^  .  vdv\ (8.) 

and  the  itUegrcOUm  of  this  expression  (see  Article  11a)  gives  for 
the  work  of  acceleration  during  a  finite  interval, 

\^d8=z^\vdv^^  .1^ (9.) 

being  the  same  with  the  result  already  arrived  at  in  equation  6. 

From  equation  9  it  appears  that  the  vxrrk  perfomiecl  in  producing 
a  given  accderaiion  depends  on  the  initial  and  final  velocities,  v^  and 
v,,  ajid  not  on  the  intermediate  changes  o/velocitg. 

If  a  body  fidls  freely  under  the  action  of  gravity  from  a  state  of 
rest  through,  a  height  A,  so  that  its  initial  velocity  is  0,  and  its  final 
velocity  r,  tlie  work  of  acceleration  performed  by  the  earth  on  the 
body  is  simply  the  product  W  h  of  the  weight  of  the  body  into  the 
height  of  fall.     Comparing  this  with  equation  6,  we  find — 

''  =  rp ('»■) 

This  quantity  is  called  the  Iieig^U,  or  /aU,  due  to  Hie  vdocity  ; 
and  from  equations  6  and  9  it  appears  that  the  usork  performed  in 
jfToducing  a  ffi^en  acceleration  is  tfie  samna  with  that  performed  in 
lifting  the  driven  body  through  tJie  difference  of  the  JieigJUs  due  to  its 
initial  arkdfincil  vdociUes, 

If  work  of  acceleration  is  performed  by  a  prime  mover  upon 
bodies  which  xieither  form  part  of  the  prime  mover  itself,  nor  of  the 
machines  which  it  is  intended  to  drive,  that  work  is  lost;  as  when 
a  marine  engine  performs  work  of  acceleration  on  the  water  that  is 
struck  by  the  propeller. 

Work  of  acceleration  performed  on  the  moving  pieces  of  the 
pnme  mover  itself,  or  of  the  machinery  driven  by  it,  is  not  neces- 
sarily lost^  as  will  afterwards  appear. 

15.  flnaiBMUtoB  •€  Wovk  ^f  AcceleniUoK— MmmcbC  •€  laeitte— Be- 

^hw««  laorflta.  — If  several  pieces  of  a  machine  have  their  velocities 
increased  at  the  same  time,  the  work  performed  in  accelerating  them 
is  the  sum  of  the  several  quantities  of  work  due  to  the  acceleration 
of  the  respective  pieces;  a  result  expressed  in  symbols  by 


{?  ■^^] - •('•) 
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The  process  of  finding  that  sum  is  fiusilitated  and  abridged  in 
certain  cases  by  special  methods. 

I  AcceUraied  Eotationr—Momeni  of  l7iertia.—Let  a  denote  the 
angular  velocity  of  a  solid  body  rotating  about  a  fixed  axis;— that 
is,  as  explained  in  Article  5,  the  velocity  of  a  point  in  the  body 
whose  radius-vector,  or  distance  from  the  axis,  is  unity. 

Then  the  velocity  of  a  particle  whose  distance  from  the  axis 
is  r,  is 

v  =  ar; (2.) 

and  if  in  a  given  interval  of  time  the  angular  velocity  is  accelerated 
from  the  value  a,  to  the  value  a„  the  increase  of  the  velucity  of  the 
particle  in  question  is 

V,  -  t?i:5:r(a,  -  aj) (3.) 

Let  w  denote  the  weight,  and  —  the  mass  of  the  particle  in  ques* 

tion.  Then  the  work  performed  in  accelerating  it,  being  equal  to 
the  product  of  its  mass  into  the  increase  of  the  half-squaie  of  its 
velocity,  is  also  equal  to  the  product  of  its  mass  into  the  square  of  its 
radius-vector,  and  into  the  increase  qfthe  haif  square  of  the  angulour 
velocity;  that  is  to  say,  in  symbols, 

g  ^       2      '^    ff     '       2       ^^'> 

To  find  the  work  of  acceleration  for  the  whole  body^  it  is  to  be  con- 
ceived to  be  divided  into  small  particles,  whose  velocities  at  any 
given  instant,  and  also  their  accelerations,  are  proportional  to  their 
distances  from  the  axis ;  then  the  work  of  acceleration  is  to  be  found 
for  each  particle,  and  the  results  added  together.  But  in  the  sum  so 
obtained,  the  increase  of  the  half-square  of  the  angular  velocity  is  a 
common  factor,  having  the  same  value  for  each  particle  of  the  body; 
and  the  rate  of  acceleration  produced  by  gravity,  g  :=  32*2,  is  a 
common  divisor.  It  is  ther^ore  sufficient  to  add  together  the  pro- 
ducts of  the  weight  of  each  particle  (w)  imto  the  square  of  its  radius- 
vector  (r^,  and  to  multiply  the  sum  so  obtained  {^'w  i')bt/  the  in- 
crease qfthe  ludf  square  of  tlie  a/ngular  velocity  (  -  (aj  —  aj)  j ,  and 

divide  by  the  rate  of  acceieration  due  to  gravity  (g).  The  result, 
viz,:— 

\g  2      i  '2g  '    ^ 

is  the  work  of  acceleration  sought.  In  fact,  the  sum  2  «?  r*  is  M« 
toeight  of  a  body,  whidh,  if  concentrated  at  tlie  distance  unity  from 
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tke  aada  ofroUstioUy  would  require  tJie  scmie  work  to  produce  a  given 
inereaae  of  angular  velocity  vMch  the  actual  body  requvree. 

The  term  moment  of  inertia  is  applied  in  some  wiitiiigs  to  the 
sank  3  «9  r*,  and  in  others  to  the  corresponding  maes  2Wf*^g, 
For  purposes  of  mechanical  engineering,  the  sum  s  t(7  r*  is,  on  the 
whole,  the  most  convenient^  bearing  as  it  does  the  same  relation  to 
angular  acceleration  which  weigfu  does  to  acceleration  of  linear 
velociiy. 

The  Raditis  of  Gyration,  or  Mean  Radivs  of  a  rotating  body,  is  a 
line  whose  square  is  the  mean  of  .the  squares  of  the  distances  of  its 
particles  from  the  axis;  and  its  value  is  given  bj  the  following 
equation:-— 

^-^ («•) 

80  that  if  we  put  W  =  s  «?  for  the  weight  of  the  T^hole  body,  the 
moment  of  inertia  may  be  represented  by 

I  =  W<« (7.) 

The  following  examples  of  radii  of  gyration  of  bodies  of  different 
figures  rotating  about  their  axes  of  figure  are  extracted  from  a  more 
extenm^  table  in  A,  M,,  578 : — 

SQUABB  OF 
FIGDBE  OF  SOLID. 
«xvvjM.  vr    ovi^«.  BADIUS  PF  OYRATIOK. 

Sphere  of  radius  r, , — =— 

Spheric!  BhcU-extemid  radius  r,  internal  r', |^^ 

Spherical  shell,  insensibly  thin,  radius  r, -  -^ 

Cylinder  or  flat  circnlar  disc,  radius  r,... .«...> «.         -^ 

r*  4-  ^ 
Hollow  cylinder  or  ring,  external  radius  r,  internal  f',     — -^j — 

Hollow  cylinder  or  ring,  insensibly  tlun,  radius  r, r* 

The  square  of  the  radius  of  gyration  of  a  body  rointing  about  an 
axis  which  does  not  traverse  its  centre  of  gravity,  is  equal  to  the 
square  of  its  radius  of  gyration  about  a  parallel  axis  traversing  its 
centre  of  gravity,  added  to  the  square  of  the  distance  between  ^ose 
two  axes. 

11.  Inertia  Reduced  to  the  Driving  FoinL — ^If  by  the  principles  of 
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4)ure  mechanism  it  is  known,  that  in  a  machine,  a  certain  moying 
piece  whose  weight  is  W,  has  a  velocity  always  bearing  the 
r&tio  n :  1  to  the  velocity  of  the  driving  point,  it  is  evident  thac 
when  the  driving  point  imdei^oes  a  given  acceleration,  the  work 
performed  in  producing  the  corresponding  acceleration  in  the  piece 
in  question  is  the  same  with  that  which  would  have  been  required 
if  a  weight  n'  W  had  been  concentrated  at  the  driving  point. 

If  a  similar  calculation  be  performed  for  each  moving  piece  in  the 
machine,  and  the  results  added  together,  the  sum 

2-w«w (a) 

gives  the  weight  which,  being  concenti-ated  at  the  driving  point, 
would  require  the  same  work  for  a  given  acceleration  of  the  driving 
point  that  the  actual  machine  requires ;  so  that  if  Oj  is  the  initial, 
jmd  v,  the  final  velocity  of  the  driving  point,  the  work  of  accelera- 
tion of  the  whole  machine  is 

!i-Il-^  .  Sn«W (9.) 

This  operation  may  be  called  the  redttction  of  tJie  inertia  to  t/ie 
striving  point,  Mr.  Moselcy,  by  whom  it  was  first  introduced  into 
the  theory  of  machines,  calls  the  expression  (8.)  the  "  co-efficierU  of 
Meadin/eBB^  for  reasons  which  will  afterwards  appear. 

In  finding  the  reduced  inertia  of  a  machine,  the  mass  of  each 
rotating  piece  is  to  be  treated  as  if  concentrated  at  a  distance  from 
its  axis  equal  to  its  radius  of  gyration  ^ ;  so  that  if  v  repre9ent8  the 
velocity  of  the  driving  point  at  any  instant,  and  a  the  corresponding 
angular  velocity  of  the  rotating  piece  in  question,  we  are  to  make 

«•  =  ^ (10.) 

in  performing  the  calculation  expressed  by  the  formula  (8.) 

16.  SaniniBrT  ^f  Tari^w  Kinds  ^f  w«rk. — In  Order  to  present  at 
•one  view  the  symbolical  expression  of  the  various  modes  of  perform- 
ing work  described  in  the  preceding  articles,  let  it  be  supposed  that  in 
a  certain  interval  of  time  d  t  the  driving  point  of  a  machine  moves 
through  the  distance  dB\  that  during  the  same  time  its  centre  of 
gravity  is  elevated  through  the  height  d  h ;  that  resistances,  any 
•one  of  which  is  represented  by  R,  are  overcome  at  points,  the  re- 
spective ratios  of  whose  velocities  to  that  of  the  driving  point  are 
•denoted  by  n ;  that  the  weight  of  any  piece  of  the  mechanism  is  W,  and 
that  n'  denotes  the  ratio  of  its  velocity  (or  if  it  rotates,  the  ratio  of 
the  velocity  of  the  end  of  its  radius  of  gyration)  to  the  velocity  of 
the  driving  point;  and  that  the  driving  point,  whose  mean  velocity 
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M  »  =  ^,  undergoes  the  acceleration  dv.     Then  the  wJiole  toorik 
per/amud  during  the  interval  in  question  is 

rf/*-2  W  +  rf«-2nR  +  !ii^  .  2w'«W...(l.) 

y 
The  mean  total  resistance,  reduced  to  tJie  driving  point,  may  bo 
computed  bj  dividing  the  above  expression  by  the  motion  of  the 
driving  point  ds  =  vdt,  giving  the  following  result: — 

^.2W+S»Il  +  ^.2  »«  W....:...(2.) 

Sectioh  2. — Of  Deviating  and  Centrifugal  Force. 

17.  DcTlallag  FaK««  of  u  SlB«le  Body.  (il.  if.,  537.) — ^It  is  part 
of  the  first  law  of  motion,  that  if  a  body  moves  under  no  force,  or 
balanced  forces,  it  moves  in  a  straight  line.     {A.  M.,  510,  512.) 

It  is  one  consequence  of  the  second  law  of  motion,  that  in  order 
that  a  body  may  move  in  a  curved  path,  it  must  be  continually 
acted  upon  by  an  unbalanced  force  at  right  angles  to  the  direction 
of  its  motion,  the  direction  of  the  force  being  that  towards  which 
the  path  of  the  body  is  curved,  and  its  magnitude  bearing  the  same 
ratio  to  the  weight  of  the  body  that  tlie  height  due  to  the  body's 
velocity  bears  to  half  the  radius  of  curvature  of  its  path. 

This  principle  is  expressed  symbolically  as  follows : — 

Half  radios  of     Height  doe  BodVs  Derinting 

eunratiiK.         to  velcdty.  weight.  force 

J        :        ;        ::        W        :        Q  =  :^'. (1.) 

2  2g  gr  ^    ' 

In  the  case  of  projectiles  and  of  the  heavenly  bodies,  deviating 
foice  is  supplied  by  that  component  of  the  mutual  attraction  of 
tiro  masses  which  acts  perpendicular  to  the  direction  of  their  rela- 
tive motion.  In  machines,  deviating  force  is  supplied  by  the 
strength  or  rigidity  of  some  body,  which  guides  the  revolving  mass, 
nuking  it  move  in  a  curv^e. 

A  pair  of  free  bodies  attracting  each  other  have  both  deviated 
motions,  the  attraction  of  each  guiding  the  other;  and  their  devia- 
tions of  motion  relatively  to  their  common  centre  of  gravity  are 
iurenely  as  their  masses. 

In  a  machine,  each  revolving  body  tends  to  press  or  draw  the 
body  which  guides  it  away  from  its  position,  in  a  direction  from 
the  centre  of  curvature  of  the  path  of  the  revolving  body;  and  that 
tendency  is  resisted  by  the  strength  and  stiffness  of  the  guiding 
body,  and  of  the  frame  with  which  it  is  connected. 
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18.  CentriAigal  Force  (A,  M.,  538)  is  the  foroe  with  which  & 
revolvlDg  body  reacts  on  the  body  that  guides  it,  and  is  equal  and 
opposite  to  the  deviating  force  with  which  the  guiding  body  acts 
on  the  revolving  body. 

In  fiskct,  as  has  been  already  stated,  every  force  is  an  action  be- 
tween two  bodies;  and  deviaJting  force  and  centrifugal  force  are  but 
two  different  names  for  the  same  force,  applied  to  it  according  as 
the  condition  of  the  revolving  body  or  that  of  the  guiding  body  is 
under  consideration  at  the  time. 

19.  A  BcToiriHg  Pendnlam  IS  one  of  the  simplest  practical  appli- 
cations of  the  principles  of  deviating  force,  and  is  described  here 
because  its  use  in  regulating  the  speed  of  prime  movers  will  after- 

wurds  have  to  be  referred  to.  It  consists  of  sb 
ball  A,  suspended  from  a  point  C  by  a  rod  C  A 
of  small  weight  as  compared  with  the  ball,  and 
revolving  in  a  circle  about  a  vertical  axis  C  B. 
The  tension  of  the  rod  is  the  resultant  of  the 
weight  of  the  ball  A,  acting  vertically,  and  of  its 
centrifugal  force,  acting  horizontally;  and  there- 
fore the  rod  will  assume  such  an  inclination  that 


Fig.  7. 


weight 


height  B  C  _ 

radius  AB      centrifugal  force       v 


^....(1.) 


where  r  =  A  R    Let  T  be  the  nwmher  of  turns  per  wcvnd  of  the 
pendulum;  then 

«7  =  23rTr; 

and  therefore,  making  B  C  =  A, 


9 


=  (in  the  latitude  of  Loudon) 


0-8154  foot 


9-7848  inches 


T» 


T» 


(2.) 


20.  DevteOng  V«rc«  Ib  Terms  mt  Angular  Telocttf  (A.  M,,  540.) 
— ^When  a  body  revolves  in  a  circular  path  round  a  fixed  axis,  as 
is  almost  always  the  case  with  the  revolving  parts  of  machines,  the 
radius  of  curvature  of  its  path,  being  the  perpendicular  distance  of 
the  body  fi'om  the  axis,  is  constant;  and  the  velocity  v  of  the  body 
is  the  product  of  that  radius  into  the  angular  velocily ;  or  symboli- 
cally, as  in  Article  5 — 

v  =  ar=z2TTr. 

If  these  values  of  the  velocity  be  substituted  for  v  in  equation  1  of 
Article  17>  it  becomes— 
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9  9  ^  ^ 

21.  RcMiUanc  Ccntrifaflal  F«rcc  {A.  M,^  603.) — The  whole  cen- 
tnfagal  force  of  a  body  of  any  figure,  or  of  a  syBtezn  of  connected 
bodies,  rotating  about  an  axis,  is  the  same  in  amomd  and  directum 
as  if  the  whole  mass  weie  concentrated  at  the  centre  of  gravity  of 
the  system.  That  is  to  say,  in  the  formula  of  Article  20,  W  is  to 
be  held  to  represent  the  weight  of  the  whole  body  or  system,  and  t 
the  perpendicular  distance  of  its  centre  of  gravity  from  the  axis; 
and  the  line  of  action  of  the  resultant  centrifugal  force  Q  is  always 
paraUd  to  r,  although  it  does  not  in  every  case  coincide  with  r. 

When  the  axis  of  rotation  traverses  the  centre  of  gravity  of  the 
body  or  system,  the  amount  of  the  centrifugal  force  is  nothing; 
that  18  to  say,  the  rotating  body  does  not  tend  to  pull  its  axis  as  a 
whole  out  of  its  place. 

The  centrifugal  forces  exerted  by  the  various  rotating  pieces  of 
a  machine  against  the  bearings  of  their  axles  are  to  be  taken  into 
account  in.  determining  the  lateral  pressures  which  cause  Miction, 
and  the  strength  of  the  axles  and  fnonework. 

As  those  centrifugal  forces  cause  increased  friction  and  stress, 
and  sometimes,  also,  by  reason  of  their  continual  change  of  direc- 
tion, produce  detrimental  or  dangerous  vibration,  it  is  desirable  to 
reduce  them  to  the  smallest  possible  amount;  and  for  that  purpose, 
unless  there  is  some  special  reason  to  the  contrary,  the  axis  of  ro- 
tataon  of  every  piece  which  rotates  rapidly  ought  to  traverse  its 
centre  of  gravity,  that  the  resultant  centrifugal  force  may  be  no- 
thing. 

2^  €?eatrifii«Bl  Cmnile— PcnMancat  Axis. — It  is  not,  however, 
"Orient  to  annul  the  effect  of  centri^gal  force,  that  there  should 
^>e  no  tendency  to  shift  the  axis  as  a  whole;  there  should  also  be 
DO  tendency  to  ttinm  it  into  a  new  angular  position. 

To  show,  by  the  simplest  possible  example,  that  the  latter  ten* 
dcDcy  may  exist   without 
the  former,  let  the  axis  of 

lotatdon     of     the     sjnstem        P^F^^^^3  ^jCT^o 

shown  in  &g.  .8  be  the 
centre  line  of  an  axle  rest- 
iiig  in  bearings  at  E  and  F. 
At  Band  D  let  two  arms 
I»pojcct  perpendicularly  to 

that  axle,  in  opposite  direc- 
ts in  the    same  plane, 

wnying  at  their  extremi-  '*^"  ®* 

tiea  two  heavy  bodies  A  and  0.     Let  the  weights  of  the  arms  be 
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insensible  as  compared  with  the  weights  of  those  bodies;  and  let 
the  weights  of  the  bodies  be  inyersely  as  their  distances  from  the 
axis ;  ihAt  is,  let 

A  •  AB  =  C  •  CD. 

Let  A  C  be  a  straight  line  joining  the  centres  of  gravity  of  A 
and  C,  and  cutting  the  axis  in  G;  then  G  is  the  common  centre  of 
gravity  of  A  and  0,  and  being  in  the  axis,  iJbe  resultant  centrifug:il 
force  is  nothing. 

In  other  words,  let  a  be  the  angular  velocity  of  the  rotation  j 
then 

The  centrifugal  force  exerted  on  the  axis  by  A 

g'  A'AB 

"  9         ' 

The  centrifugal  force  exerted  on  the  axis  by  C 

g'CCP 

and  those  forces  are  equal  in  magnitude  and  opposite  in  direction ; 
so  that  there  is  no  tendency  to  remove  the  point  G  in  any  direc- 
tion. 

There  is,  however,  a  tendency  to  turn  the  cans  ahovJt  the  point  G, 
being  the  product  of  the  common  magnitude  of  the  couple  of  cen- 
trifugal forces  above  stated,  into  their  leverage ;  that  is,  the  perpen- 
dicular distance  B  D  between  their  lines  of  action.  That  product 
is  called  the  moment  of  the  cerUri/ugal  couple;  and  is  represented  by 

Q  •  BD; (1.) 

Q  being  the  common  magnitude  of  the  equal  and  opposite  centri- 
fugal forces. 

That  couple  causes  a  couple  of  equal  and  opposite  pressures  of 
the  journals  of  the  axle  against  their  bearings  at  E  and  F,  in  tbo 
directions  represented  by  the  arrows,  and  of  the  magnitude  giveu 
by  the  formula — 

«•!?- ■• <-> 

these  pressures  continually  change  their  directions  as  the  bodies 
A  )uid  0  revolve;  and  they  are  resisted  by  the  strength  and 
rigidity  of  the  beaiings  and  frame.  It  is  desirable,  when  practi- 
cable, to  reduce  them  to  nothing ;  and  for  that  purpose,  the  points 
B,  G,  and  D  should  coincide ;  in  which  case  the  centre  line  of  the 
axle  E  F  is  said  to  be  a  permanent  axis, 

''Vhen  there  are  more  than  two  bodies  in  the  rotating  system, 
the  :entrifugal  couple  is  found  as  follows ;— 
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TiCt  X  X',  fig.  9,  represent  the  axis  of  rotation;  G,  the  centre  of 
gravity  of  the  rotating  body  or  system,  situated  in  that  axis ;  so 
that  the  resultant  centrifugal  force  is  nothing. 

Let  W  bo  any  one  of  the  parts  of 
which  the  body  or  system  is  com- 
posed, so  that,  the  weight  of  that 
;«rt  being  denoted  by  W,  the 
weight  of  the  whole  body  or  sys- 
tem may  be  denoted  by  s  •  W. 

Let  r  denote  the  perpendicular 
distance  of  the  centre  of  W  from 
the  axis;  then 

Wa»r 


13  the  centrifugal  force  of  W,  puU*  .  Fig.  0. 

iiig  the  axis  in  the  direction  x  W. 

Ajssune  a  pair  of  axes  of  co-ordinates,  G  Z,  G  Y, 
perpendicular  to  X  X'  and  to  each  other,  and  fixed 
relatively  to  the  rotating  body  or  system — ^that  is, 
rotating  along  with  it. 

From  W  let  fall  W  y  perpendicular  to  the  plane 
of  GX  and  G  Y,  and  parallel  to  G  Z  ;  also  W z, 
perpendicular  to  the  plane  of  GX  and  GZ,  and 
parallel  to  G  Y  ;  and  make  Fig.  10. 

Then  the  centrifugal  force  which  W  exerts  on  the  axis,  and  which 
is  proportional  to  r,  may  be  resolved  into  two  components,  in  the 
liirection  of,  and  proportional  to,  y  and  z  respectively,  viz. : — 

^^^'y  parallel  to  G  Y,  and 
9 

TL^* parallel  to  GZ; 
9 
and  those  two  component  forces,  being  both  applied  at  the  end  of 
the  lever  G  x  =  x,  exert  TnomentSj  or  tendencies  to  turn  the  axis 
X  X!  about  the  point  G,  expressed  as  follows : — 

^  ^'  y  ^j  tending  to  turn  GX  about  GZ  towaixls  GY; 
9 

^  ^'  ^  ^,  tending  to  turn  G  X  about  G  Y  towards  G  Z. 


In  the  same  manner  are  to  be  found  the  several  moments  of  the 
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centrifiigal  forces  of  all  the  other  parts  of  which  the  body  or  sysicni 
consists;  and  care  is  to  be  taken  to  distinguish  moments  which 
tend  to  turn  the  axis  iovxwde  G  Y  or  G  Z  from  those  which  tend  to 
turn  it  from  those  positions,  \>j  treating  one  of  these  classes  of 
quantities  as  positive,  and  the  other  as  negative. 

Then  by  adding  together  the  positive  moments  and  subtracting 
the  negative  moments  for  all  the  parts  of  the  body  or  system,  are 
to  be  found  the  two  sums, 

?'.  S-Wya;;  -  .  S-W«a;;. (3.) 

9  9 

which  represent  the  total  tendencies  of  all  the  centrifugal  forces  to 
turn  the  axis  in  the  planes  of  G  Y  and  G  Z  respectively. 

In  fig.  10,  lay  down  G  Y  to  represent  the  former  moment,  and 
QZ,  perpendicular  to  G  Y,  to  represent  the  latter.  Then  the  dia- 
gonal GM  of  the  rectangle  G  Z  M  Y  will  represent  the  resultant 
moment  of  what  is  called  the  Centrifugal  Couple,  and  the  direc- 
tion of  that  line  will  indicate  the  direction  in  which  that  couple 
tends  to  turn  the  axis  GX  about  the  point  G.  Its  value,  and  its 
angular  position,  are  given  by  the  equations, 


=  ^(GY^+GZ^);| 
GM  =  GZ-5-GY   3  ' 


GM=  ^  _  -     .--,,, 
tan^YT"      "^       -"'    ' 


The  condition  which  it  is  desii-able  to  fulfil  in  all  rapidly  rotating 
pieces  of  machines,  that  the  axis  of  rotation  shall  be  a  permanent 
aans,  is  fulfiUed  when  each  of  the  sums  in  the  formula  3  is  nothing ; 
that  is,  when 

2-Wya;  =  0-  ^W  zx=z  0, (5.) 

The  question,  whether  the  axis  of  a  rotating  piece  is  a  permanent 
axis  or  not,  is  tested  experimentally  by  making  the  piece  spin  round 
rapidly  with  its  shaft  resting  in  bearings  which  are  suspended  by 
chains  or  cords,  so  as  to  be  at  liberty  to  swing  to  and  firo.  If  the 
axis  is  not  a  permanent  axis,  it  oscillates;  if  it  is  a  permanent  axis, 
it  remains  steady. 

The  practical  application  of  those  principles  to  locomotive  engines 
will  be  explained  in  the  sequel 

SBcnoN  3. — 0/ Effort,  Energy,  Power,  cmd  Efficiericy. 

23.  Eflbrt  is  a  name  applied  to  a  force  which  acts  on  a  body  in 
the  direction  of  its  motion  {A,  M.,  511). 
If  a  force  is  applied  to  a  body  in  a  direction  making  an  aoate 
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Aogle  iritli  the  dii^ection  of  the  body's  motion^  the  oomponent 
of  that  oblique  force  along  the  direction  of  the  body's  motion  is  an 
etfort.  That  is  to  say,  in  ^g,  11,  let  A  £  represent  the  direction 
in  which  A  is  moving;  let  A  F  repre- 
sent a  force  applied  to  A,  obliquely  to  :f^ 

that  direction;  from  F  draw  F  P  per-  x.        j 

pendicular  to  A  B;   then  A  P  is  the  ^>v. 

^ort due  to  the  force  AF.     The  trans-  / 

▼erae  component  P  F  is  a  lateral  force, 

like  the  transverse  com^Mnent  of  the  oblique  resisting  force  in 

Article  a  

To  express  this  algebraically,  let  the  entire  force  A  F  =  F,  the 
effort  XP  =  P,  the  lateral  force  PF  =  Q,  and  the  angle  of  obli- 
quity P  A  F  =  ^.     Then 

^=^-«'^''] (1.) 

Q=F-8in  ^  j  ^   ^ 

34.  emmdtOon  •f  UBifom  Speed.  (A,  M.,  510,  512,  537.) — ^Ac- 
conling  to  the  first  law  of  motion,  in  order  that  a  body  may  move 
nniformly,  the  forces  applied  to  it,  if  any,  must  balance  each  other; 
&nd  the  same  principle  holds  for  a  machine  consisting  of  any  num- 
ber of  bodies. 

When  the  direction  of  a  body's  motion  varies,  but  not  the  velocity , 
the  literal  force  required  to  produce  the  change  of  direction  depends 
^  the  principles  set  forth  in  Section  2 ;  but  t£e  condition  of  balance 
itill  holds  for  the  forces  which  act  along  the  direction  of  the  body's 
Qotbn,  that  is,  for  the  effbrta  and  resistances;  so  that,  whether  for 
a  single  body  or  for  a  machine,  the  condition  of  vm/orm  vdocity  is, 
that  the  efforts  shaU  balance  the  rmstances. 

In  a  machine,  this  condition  must  be  fulfilled  for  each  of  the 
single  moving  pieces  of  which  it  consists. 

It  can  be  diown  from  the  principles  of  statics  (that  is,  the  science 
rf balanced  forces),  that  in  any  body,  system,  or  machine^  that  con- 
<iitioa  is  fulfilled  when  tke  sum  of  the  products  of  the  efforts  into  the 
rdodties  of  their  respective  points  ofactio7i  is  equal  to  the  sum  of  the 
produds  of  the  resiHances  into  the  velocities  of  the  points  where  they 
tBnowroome. 

Thus,  let  9  be  the  velocity  of  a  driving  point,  or  point  where  an 
effort  P  is  applied;  v'  the  velocity  of  a  working  point,  or  point  where 
i  redstance  R  is  overcome ;  the  condition  of  uniform  velocity  for  any 
^7,  flystem,  or  machine  is 

a  •  P  V  =.  X  •  R  t/ (1.) 

tt  there  be  only  one  driving  point,  or  if  the  velocities  of  all  the 
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driying  pointa  be  alike,  then  P  being  the  total  effort,  the  single 
product  P  V  may  be  put  in  in  place  of  the  sum  2*'Pv;  reducing 
the  above  equation  to 

Tv=i'  Rf/ (2.) 

Befening  now  to  Article  9,  let  the  machine  be  one  in  which  the 

cofnparcUive  or  proportionate  velocities  of  all  the  points  at  a  given 

instant  are  known  independently  of  their  absolute  Velocities,  from 

the  construction  of  the  machine  ;  so  that,  for  example,  the  velocity 

of  the  point  where  the  resistance  R  iB  overcome  bears  to  that  of 

the  driving  point  the  ratio 

t/ 
-=  »; 

V 

then  the  condition  of  uniform  speed  may  be  thus  expressed  : — 

P  =  a  •  w  R; (3.) 

that  is,  the  total  ^ort  is  eqtuU  to  the  sum  of  the  resistances  reduced  to 
the  driving  point, 

25.  B«er«7-Poleatl«l  Kmergr.  (A.  M.,  514,  517,  593,  660.>— 
Energy  means  capacity  for  performing  work,  and  is  expressed,  like 
work,  by  the  product  of  a  force  into  a  space. 

The  energy  of  an  effort,  sometimes  «dled  "potential  wiergy  "  (to 
distinguish  it  from  another  form  of  energy  to  be  afterwards  r^errod 
to),  is  the  product  of  the  effort  into  the  distance  through  which  it  is 
capable  of  acting.  Thus,  if  a  weight  of  100  pounds  be  placed  at  an 
elevation  of  20  feet  above  the  ground,  or  above  the  lowest  plane 
to  which  the  circumstances  of  the  case  admit  of  its  descending, 
that  weight  is  said  to  possess  potential  energy  to  the  amount  of 
100  X  20  =  2,000  foot-pounds;  which  means,  that  in  descending 
from  its  actual  elevation  to  the  lowest  point  of  its  course,  the 
weight  is  capable  of  performing  uxyrk  to  that  amount. 

To  take  another  example,  let  there  be  a  reservoir  containing 
10,000,000  gallons  of  water,  in  such  a  position  that  the  centre  of 
gravity  of  the  mass  of  water  in  the  reservoir  is  100  feet  above  the 
lowest  point  to  which  it  can  be  made  to  descend  while  overcoming 
resistance.  Then  as  a  gallon  of  water  weighs  10  lbs.,  the  weight  of 
the  store  of  water  is  100,000,000  lbs.,  which  being  multiplied  by 
the  height  through  which  that  weight  is  capable  of  acting,  100  feet, 
gives  10,000,000,000  foot-pounds  for  the  potential  energy  of  the 
weight  of  the  store  of  water. 

26.  B4|Mllfr  •t  Bn«rs7  Bscrted  umSL  W«rk  Perftnicd. — ^When 
an  effort  actually  does  drive  its  point  of  application  through  a 
certain  distance,  energy  to  the  amount  of  the  product  of  the  effort 
into  that  distance  is  said  to  be  exerted;  and  the  potential  enei^» 
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or  energy  whicli  remains  capdUe  of  being  eocerted,  is  to  that  amount 
tUminished. 

When  the  energy  is  exerted  in  driving  a  machine  at  an  uniform 
speed,  it  is  equal  to  the  work  performed. 

To  express  this  algebraically,  let  t  denote  the  time  during  which 
the  energy  is  exerted,  v  the  velocity  of  a  driving  point  at  which  an 
effort  P  is  applied,  8  the  distance  through  which  it  is  driven,  xf  the 
velocity  of  any  working  point  at  which  a  resistance  B  is  overcome, 
<  the  distance  through  which  it  is  driven;  then 

8  =  v  t;  8'=vt; 

and  multiplying  equation  1  of  Article  24  by  the  time  t,  we  obtain 
the  following  equation : — 

2-Pt;^  =  2'K«/«  =  2-P«  =  3-K«'; (1.) 

whicb  expresses  the  equality  of  energy  exerted,  and  work  per- 
formed, for  constant  efforts  and  resistances. 

When  the  efforts  and  resistances  vary,  it  is  sufficient  to  refer  to 
Article  11,  to  show  that  the  same  principle  is  expressed  as 
follows: — 

^j  l^d8^2  f  Rd  ^j (2.) 

vhere  the  symbol   /  expresses  the  operation  of  finding  the  work 

performed  against  a  varying  resistance,  or  the  energy  exerted  by  a 
varying  effort,  as  the  case  may  be;  and  the  symbol  2  expresses  the 
operation  of  adding  together  the  quantities  of  energy  exerted,  or 
work  performed,  as  the  case  may  be,  at  different  points  of  the 
machine. 

27.  Tariova  Factors  of  Eaergy. — A  quantity  of  energy,  like  a 
quantity  of  work,  may  be  computed  by  multiplying  either  a  force 
into  a  distance,  or  a  statical  moment  into  an  angular  motion,  or  the 
intensity  of  a  pressure  into  a  volume.  These  processes  have  already 
been  explained  in  detail  in  Articles  5  and  6. 

28.  The  Eaerg7  Kxerted  In  Prodaclng  AcceleratfoB  (A.  if.,  549) 
is  equal  to  the  work  of  acceleration,  whose  amount  has  been  inves- 
tigated in  Articles  14  a  and  15. 

29.  The  Acceienuiag  Effort  {A,  if.,  554)  by  which  a  given 
increase  of  velocity  in  a  given  mass  is  produced,  and  which  is 
exerted  by  the  driving  body  against  flie  driven  body,  is  equal  and 
^^pposite  to  the  resistance  due  to  acceleration  which  the  driven 
body  exerts  against  the  driving  body,  and  whose  amount  has  been 
given  in  Articles  14  a  and  15.  Referring,  therefore,  to  equations  4 
and  8  of  Article  14  A,  we  find  the  two  following  expressions,  the  first 
<rf  which  gives  the  accelerating  effort  required  to  produce  a  given 
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aooeleratioii  dviaa,  body  whose  weight  is  W,  when  the  time  dtin 
which  that  acceleration  is  to  be  produced  is  given,  and  the  second, 
the  same  accelerating  effort,  when  the  distance  de  =  vdtin  which 
the  acceleration  is  to  be  produced  is  given  : — 

(1) 

(2.) 

Referring  next  to  Article  15,  case  1,  we  find  from  equations  5, 
6,  and  7,  that  the  work  of  acceleration  corresponding  to  an  increase 
d  a  in  the  angular  velocity  of  a  rotating  body  whose  moment  of 
inertia  is  I,  is 

I  •  d  (oF)     1  a  da 

Let  dthe  the  time,  and  d  i  =  a  d  t  the  angfdar  motion  in  which 
that  acceleration  is  to  be  produced ;  let  P  be  the  accelerating  effort, 
and  I  its  leverage,  or  the  perpendicular  distance  of  its  line  of  action 
from  the  axis;  then,  according  as  the  time  dt,  or  the  angle  di,  is 
given,  we  have  the  two  Allowing  expressions  for  the  acceleraiing 
couple : — 

PZ  =  i.^ (3.) 

g     dt  ^    ' 


I    a  d  a 

g  '    d  i    "  g'  2  d  i 


Lastly,  referring  to  Article  15,  case  2,  equation  9,  we  find,  that 
if  a  train  of  mechanism  consists  of  various  parts,  and  if  "W"  be  the 
weight  of  any  one  of  those  parts,  whose  velocity  v  bears  to  that  of 

the  driving  point  i?  the  ratio  —  =  «,  then  the  accelerating  effort 

which  must  be  applied  to  the  driving  point,  in  order  that,  during 
the  interval  dt,  in  which  the  driving  point  moves  through  the 
distance  ds  =  v  dt,  that  point  may  undergo  the  acceleration  d  v, 
and  each  weight  W  the  corresponding  acceleration  n  <i  i?,  is  given 
by  one  or  other  of  the  two  formulsB — 

p=='-^^.f-: (5.) 

9         dt  ^    ^ 

"  "T~ '  'dT = ~r"  •  2  di ^^•> 


STOBED  ASny  BESTORED  ENEBGY — ^ACTITAL  ENERGY.  35 


30.     ^ITorfc    ]>arln«  Bemrdatton  —  Eacrgy  Stored    and    ResAwcd* 

(i.  jr.,  528,  549,  550.) — In  order  to  cause  a  given  retardation,  or 
diminution  of  the  velocity  of  a  given  body,  in  a  given  time,  or 
while  it  traverses  a  given  distance,  resistance  must  be  opposed  to 
it5  motion  equal  to  tiie  effort  which  would  be  required  to  produce 
in  the  same  time,  or  in  the  same  distance,  an  acceleration  equal  to 
the  retai-dation. 

A  moving  body,  therefore,  while  being  retarded,  overcomes  re- 
fistafice  and  performs  work;  and  that  work  is  equal  to  the  energy 
exerted  in  producing  an  acceleration  of  the  same  body  equal  to  the 
retardation. 

It  is  for  this  reason  that  it  has  been  stated,  in  Article  12,  that 
the  work  performed  in  accelerating  the  speed  of  the  moving  pieces 
oi  a  machine  is  not  necessarily  lost;  for  those  moving  pieces,  by 
returning  to  their  original  speed,  are  capable  of  peiforming  an 
equal  amount  of  work  in  overcoming  resistance;  so  that  the  per- 
formance of  such  work  is  not  pi^vented,  but  only  deferred.  Hence 
energy  exerted  in  acceleration  is  said  to  be  stored;  and  when  by  a 
subsequent  and  equal  retardation  an  equal  amount  of  work  is  per- 
formed, that  energy  is  said  to  be  restored. 

The  algebraical  expressions  for  the  relations  between  a  retarding 
resistance,  and  the  retardation  which  it  produces  In  a  given  body 
by  acting  during  a  given  time  or  through  a  given  space,  are  ob- 
tained from  the  equations  of  Article  29  simply  by  putting  R,  the 
symbol  for  a  resistance,  instead  of  P,  the  symbol  for  an  effort,  and 
^d%  the  symbol  for  a  retardation,  instead  <ddvy  the  symbol  for 
an  acceleration. 

31.  The  Actaal  Baorsy  {A.  M,,  547,  589)  of  a  moving  body  is 
tLe  work  which  it  is  capable  of  performing  against  a  retarding 
lesiatance  before  being  brought  to  rest,  and  is  equal  to  the  energy 
which  must  be  exerted  on  the  body  to  bring  it  from  a  state  of  rest 
to  its  actual  velocity.  The  value  of  that  quantity  is  the  product  of 
the  weight  of  the  body  into  the  Iieight  from  which  it  must  fall  to 
acquire  its  actual  vdocUy;  that  is  to  say, 

5-^         (1.) 

The  total  actaal  energj  of  a  system  of  bodies,  each  mo'ving  mth 
Hb  own  velocily,  ia  denoted  by 

SlW^.    (2.) 

md  -yhen  those  bodka  are  the  jdeoea  of  a  manhinw,  whose  velocities 
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bear  definite  ratios  (any  one  of  which  is  denoted  by  n)  to  the  Telo- 
city of  the  driving  point  v,  their  total  actual  energy  is 

fg-'^'^' (3.) 

being  the  product  qftlie  reduced  inertia  (or  co-efficient  of  steadiness, 
as  Mr.  Moseley  caUs  it)  into  the  height  due  to  tlis  velocity  of  the 
driving  point. 

The  actual  energy  of  a  rotating  body  whose  angular  velocity  is  o^ 
and  moment  of  inertia  2  W  r*  =  I,  is 

that  is,  the  product  of  the  moment  0/ inertia  into  the  height  due  to  (he 
velocity y  a,  o/'a  point,  wivose  distance  from  the  axis  of  rotation  is 
unity. 

When  a  given  amount  of  energy  is  alternately  stored  and  re- 
stored by  alternate  increase  and  diminution  in  the  speed  of  a  ma- 
chine, the  actual  energy  of  the  machine  is  alternately  increased  and 
diminished  by  that  amount 

Actual  enei-gy,  like  motion,  is  relative  only.  That  is  to  say,  in 
computing  the  actual  energy  of  a  body,  which  is  the  capacity  it 
possesses  of  performing  work  upon  certain  other  bodies  by  reason 
of  its  m^ion,  it  is  the  motion  relatively  to  those  other  bodies  that  is 
to  be  taken  into  account 

For  example,  if  it  be  wished  to  determine  how  many  turns  a 
wheel  of  a  locomotive  engine,  rotating  with  a  given  velocity,  would 
make,  before  being  stopped  by  die  friction  of  its  bearings  only,  sup- 
posing it  lifted  out  of  contact  with  the  rails, — ^the  actual  energy  of 
that  wheel  is  to  be  taken  relatively  to  the  frame  of  the  engine  to 
which  those  bearings  are  fixed,  and  is  simply  the  actual  energy  due 
to  the  rotation.  But  if  the  wheel  be  supposed  to  be  detached  from 
the  engine,  and  it  is  inquired  how  high  it  will  ascend  up  a  perfectly 
smooth  inclined  pkme  before  being  stopped  by  tlie  attraction  of  the 
ecurth,  then  its  actual  energy  is  to  be  taken  relatively  to  the  ea/rth; 
that  is  to  say,  to  the  energy  of  rotation  already  mentioned,  is  to  be 
added  the  energy  due  to  the  trandaJtion  or  forward  motion  of  the 
wheel  along  with  its  axis. 

32.  A  Beciprocaiing  F«i««  {A»  M,,  556)  is  a  foroe  which  acts 
alternately  as  an  effort  and  as  an  equal  and  opposite  resistance, 
according  to  the  direction  of  motion  of  the  body.  Such  a  foroe  is 
the  weight  of  a  moving  piece  whose  centre  of  gravity  alternately 
Tises  and  faUa;  and  sud^  is  the  elasticity  of  a  perfectly  elastic  body. 


RECiPBOCATnira  fobcb — periodical  motion.  37 

The  work  which  a  body  performs  in  moving  against  a  reciprocating 
force  is  employed  in  increasing  its  own  potential  energy,  and  is  not 
lost  by  the  body;  so  that  by  the  motion  of  a  body  alternately 
against  and  with  a  reciprocating  force,  energy  is  «toro(f  and  ra- 
dand,  as  well  as  by  alternate  acceleration  and  retardation. 

Let  2  W  denote  the  weight  of  the  whole  of  the  moving  pieces 
of  any  machine,  and  h  a  height  through  which  the  common  centre 
of  gravity  of  them  all  is  alternately  nosed  and  lowered.  Then  the 
quantity  of  energy—  h^W 

is  stored  while  the  centre  of  gravity  is  rising,  and  restored  while  it 
is  fallmg. 

These  principles  are  illustrated  by  the  action  of  the  plungers  of 
a  single  acting  pumping  steam  engine.  The  weight  of  those 
plungers  acts  as  a  resistance  while  they  are  being  lifted  by  the 
pressure  of  the  steam  on  the  piston;  and  the  same  weight  acts  as 
effort  when  the  plungers  descend  and  drive  before  them  the  water 
with  which  the  pump  barrels  have  been  filled.  Thus,  the  energy 
exerted  by  the  steam  on  the  piston  is  stored  during  the  up-stroke 
of  the  plungers ;  and  during  their  down-stroke  the  same  amount  of 
energy  is  restored,  and  employed  in  performing  the  work  of  raising 
water  and  overcoming  its  friction. 

33.  Periodical  Biatioa.  {A,  if.,  553.) — If  a  body  moves  in  such 
a  manner  that  it  periodically  returns  to  its  original  velocity,  then 
at  the  end  of  each  period,  the  entire  variation  of  its  actual  energy 
is  nothing;  and  if,  during  any  part  of  the  period  of  motion,  energy 
bos  been  stored  by  acceleration  of  the  body,  the  same  quantity  of 
enei^  exactly  must  have  been  during  another  part  of  the  period 
restored  by  retardation  of  the  body. 

If  the  body  also  returns  in  the  course  of  the  same  period  to  the 
same  position  relatively  to  all  bodies  which  exert  reciprocating 
forces  on  it — ^for  example,  if  it  returns  periodically  to  the  same 
elevation  relatively  to  the  earth's  surface — any  quantity  of  energy 
vhich  has  been  stored  during  one  part  of  the  period  by  moving 
against  reciprocating  forces  must  have  been  exactiy  restored  during 
another  part  of  the  period. 

Hence  (U  the  end  ofecuch  period,  the  equality  ofervergy  and  vx/rk, 
^nd  the  balance  of  mean  effort  cmd  mean  resistance,  holds  with 
mpect  to  the  driving  effort  and  tlie  resietanceSf  exactly  as  if  the  speed 
were  uni/arm  and  the  reciprocating  forces  nuU;  and  all  the  equa- 
tions of  Articles  24  and  i^  are  applicable  to  periodic  motion,  pro- 
vided that  in  the  equations  of  Article  24,  and  equation  1  of  Aiiicld 
26,  P,  R,  and  v  are  held  to  denote  the  mean  values  of  the  efforts, 
Rsistances,  and  velocities, — that  s  and  tl  are  held  to  denote  spaces 
moved  through  in  one  or  more  entire  periods^ — and  that  in  equa- 
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tion  2  of  Article  26,  the  integrations  denoted  by    T  be  held  to 

extend  to  one  or  more  entire  periods. 

These  principles  are  illustrabed  by  the  steam  engine.  The  velo- 
cities of  its  moving  parts  are  continually  varying,  and  those  of 
some  of  them,  such  as  the  piston,  are  periodically  reversed  in  direc- 
tion. But  at  the  end  of  each  period,  called  a  revoltUion,  or  cUntble- 
strokSf  every  part  returns  to  its  original  position  and  velocity ;  so 
that  the  equality  of  energy  cmd  worky  and  the  eqricdity  of  the  mean 
effort  to  tlie  mean  resistance  reduced  to  the  driving  pointy — ^that  is, 
the  equality  of  the  mean  effective  pressure  of  the  steam  on  the  pis- 
ton to  the  mean  total  resistance  reduced  to  the  piston — ^hold  for 
one  or  any  whole  number  of  complete  revohUions,  exactly  as  for 
uniform  speed 

It  thus  appears  that  there  are  two  fundamentally  different  ways 
of  considering  a  periodically  moving  machine,  each  of  which  must 
be  employed  in  succession,  in  order  to  obtain  a  complete  knowledge 
of  its  working. 

I.  In  the  iirst  place  is  considered  the  action  of  the  machine 
during  one  or  more  whole  periods,  with  a  view  to  the  determina- 
tion of  the  relation  between  the  mean  resistances  and  mean  efforts, 
and  of  the  efficiency;  that  is,  the  ratio  which  the  usefvl  part  of 
its  work  bears  to  the  whole  expenditure  of  energy.  The  motion  of 
every  ordinary  machine  is  either  uniform  or  periodical. 

II.  In  the  second  place  is  to  be  considered  the  action  of  the 
machine  during  intervals  of  time  less  than  its  period,  in  order  to 
determine  the  law  of  the  periodic  changes  in  the  motions  of  the 
pieces  of  which  the  machine  consists,  and  of  the  periodic  or  recip- 
rocating forces  by  which  such  changes  are  produced 

34.  staMing  and  Stopping.  {A,  M,^  691.) — The  starting  of  a 
machine  consists  in  setting  it  in  motion  from  a  state  of  rest,  and 
bringiug  it  up  to  its  proper  mean  velocity.  This  operation  requires 
the  exertion,  besides  the  energy  required  to  overcome  the  mean  re- 
sistance, of  an  additional  quantity  of  energy  equal  to  the  actual 
energy  of  the  machine  when  moving  with  its  mean  velocity,  as  found 
according  to  the  principles  of  Article  31. 

If,  in  order  to  stop  a  machine,  the  effort  of  the  prime  mover  is 
simply  suspended,  the  machise  will  continue  to  go  until  work  has 
been  performed  in  overcoming  resistances  equal  to  the  actual  energy 
due  to  the  speed  of  the  machine  at  the  time  of  suspending  the  effort 
of  the  prime  mover. 

In  order  to  diminish  the  time  required  by  this  operation,  the 
resistance  may  be  increased  by  means  of  the  friction  of  a  lyrakc 
Brakes  will  be  further  described  in  the  sequeL 

3d.  The  saictcBcy  of  a  machine  {A.  M.,  660,  664)  has  alieadj 
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beeu  defined  ix>  he  &  fraction  expressing  the  ratio  of  the  useful 
vork  to  the  'whole  work  perform^,  which  is  equal  to  the  energy 
expended.  The  limit  to  the  efficiency  of  a  machine  is  unity,  denot- 
ing the  efficiency  of  a  perfect  machine  in  which  no  work  is  lost* 
The  object  of  improvements  in  machines  is  to  bring  their  efficiency 
as  near  to  unity  as  possible. 

As  to  useful  and  lost  work,  see  Article  12.  The  algebraical  ex- 
pression of  the  efficiency  of  a  machine  having  uniform  or  periodical* 
motion,  is  obtained  by  introducing  the  distinction  between  useful 
and  lost  work  into  the  equations  of  the  conservation  of  energy.  Thus, 
let  P  denote  the  mean  effort  at  the  driving  point,  8  the  space  de- 
scribed by  it  in  a  given  interval  of  time,  being  a  whole  number  of 
periods  or  revolutions,  Kj  the  mean  useful  resistance,  8^  the  space 
through  which  it  is  overcome  in  the  same  interval,  Rg  any  one  of 
the  prejudicial  resistances,  «,  the  space  through  which  it  is  over* 
come;  then 

Pa  =  Ri«i  4-  2  -R,*,; (1.) 

and  the  efficiency  of  the  machine  is  expressed  by 

R,  8i  _  Ri  8,  fax 

P«  ""R»«, +  2-R^a, ^  ^^ 

In  many  cases  the  lost  work  of  a  machine,  R,  8,,  consists  of  a  con* 
stant  part,  and  of  a  part  bearing  to  the  useful  work  a  proportion 
depending  in  some  definite  manner  on  the  sizes,  figures,  arrange- 
ment, and  connection  of  the  pieces  of  the  train,  on  which  also  de- 
pends the  constant  part  of  the  lost  work.  In  such  cases  the  whole 
energy  expended  and  the  efficiency  of  the  machine  are  expressed  by 
the  equations 

P»  =  (1  +  A)R.*.  +  B;- 

R,».  1 


P*    ~1  +  A  +  ^ 


(3.) 


and  the  first  of  these  is  the  mathematical  expression  of  what  Mr. 
Hoselej  calls  the  **  modulus  "  of  a  machina 

The  useful  work  of  an  intermediate  piece  in  a  train  of  mechanism 
consists  in  driving  the  piece  which  follows  it,  and  is  less  than  the 
energy  exerted  upon  it  by  the  amount  of  the  work  lost  in  overcom- 
ing its  own  friction.  Hence  the  efficiency  of  such  an  intermediate 
piece  is  the  ratio  of  the  work  performed  by  it  in  driving  the  follow- 
ing piece,  to  the  energy  exerted  on  it  by  the  preceding  piece;  and  it 
is  evident  that  the  efficiency  of  a  macJdne  is  tlie  product  of  the  effl* 
aenciei  of  the  eeriee  qfrnomng  pieces  which  transmit  energy  from  the 
driving  point  to  tfie  working  point* 
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The  same  principle  applies  to  a  train  of  svccunve  ma^AMBy  eacli 
driving  that  which  follows  it. 

36.  Pawer  aa4  Birect~H«ne-p«wer. — ^The  ^weT  of  a  machine 
is  the  energy  exerted,  and  the  effed^  the  useful  work  performed,  in 
some  interval  of  time  of  definite  length,  such  as  a  second,  a  minute, 
an  hour,  or  a  day. 

The  unit  of  power  called  conventionally  a  horse-power^  is  550 
foot-pounds  per  second,  or  33,000  foot-pounds  per  minute,  or 
1,980,000  foot-pounds  per  hour.  The  effect  is  equal  to  the  power 
midtiplied  by  Uie  efficiency.  The  loss  of  power  is  the  difference 
between  the  effect  and  the  power.     (See  also  Article  3.) 

37.  General  Bqaattoa. — ^The  following  general  equation  presents 
at  one  view  the  principles  of  the  action  of  machines,  whether  mov- 
ing uniformly,  periodically,  or  otherwise : — 

J  J  2g 

where  "W  is  the  weight  of  any  moving  piece  of  the  machine ; 

h,  when  positive,  the  elevation,  and  when  negative,  the  depres- 
sion, which  the  common  centre  of  gravity  of  all  the  moving  pieces 
undei'goes  in  the  interval  of  time  under  consideration  j  t7|  the  velo- 
city at  the  beginning,  and  v,  the  velocity  at  the  end,  of  the  interval 
in  question,  with  which  a  given  particle  of  the  machine  of  the 
weight  W  is  moving; 

g,  the  acceleration  which  gravity  causes  in  a  second,  or  32*2  feet 
per  second; 

I  B,  d  e^f  the  work  performed  in  overcoming  any  resistance 

during  the  interval  in  question ; 

j  F  d  8,  the  energy  exerted  during  the  interval  in  question. 

The  second  and  third  terms  of  the  right  hand  side,  when  positive, 
are  energy  stored;  when  negative,  energy  restored. 

The  principle  represented  by  the  equation  is  expressed  in  words 
ds  follows : — 

Tlie  energy  exerted,  added  to  the  energy  restored,  is  equal  to  the 
ervergy  stored  added  to  the  work  performed. 

Section  4. — Of  Dyrumwrneters, 

38.  Dyaamamcten  are  instruments  for  measuring  and  recording 
the  energy  exerted  and  work  performed  by  machines.  They  may 
be  classed  as  follows : — 

I.  Instruments  which  merely  indicate  the  force  exerted  between 
a  driving  body  and  a  driven  body   leaving  the  distance  through 
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vliich  that  force  is  exerted  to  be  observed  independently.     The 
Mowing  are  examples  of  this  class : — 

0.  The  weight  of  a  solid  body  may  be  so  suspended  as  to  balance 
the  resistance  to  be  overcome,  as  in  Mr.  Scott  Bussell's  experi- 
ments on  the  resistance  of  canal  boats,  published  in  the  TransaC" 
tioiu  of  the  Royal  Society  of  Edinburgh,  vol.  xiv. 

h.  The  weight  of  a  column  of  liquid  may  be  employed  to  balance 
and  measure  the  effort  required  to  drag  a  carriage  or  otber  body, 
as  in  the  mercurial  dynamometer  invented  by  Mr.  John  Milne  of 
Edinbuigk. 

f.  The  available  energy  of  a  prime  mover  may  be  wholly  ex* 
pended  in  overcoming  friction,  the  magnitude  of  which  is  measured 
by  a  weight,  as  in  Prony's  dynamometer,  to  be  afterwards  more 
particuhurly  described. 

d.  A  spring  balance  may  be  interposed  between  a  prime  mover 
and  a  body  whose  resistance  it  overcomes^  so  as  to  indicate  at  each 
instant  the  magnitude  of  that  resistance. 

IL  Instruments  which  record  at  once  the  force,  motion,  and 
work  of  a  machine,  by  drawing  a  line,  straight  or  curved,  as  the 
case  may  be  (such  as  that  shown  in  l^g,  3,  Article  11)  whose 
abscLssae  represent  on  a  suitable  scale  the  distances  moved  through, 
its  ordinates  the  corresponding  resistances  overcome,  and  its  area 
the  work  performed. 

A  dynamometer  of  this  class  consists  essentially  of  two  principal 
parts :  a  spring  whose  deflection  indicates  the  force  exerted  between 
a  driving  body  and  a  driven  body,  and  a  band  of  paper,  or  a  card, 
moving  at  right  angles  to  the  direction  of  deflection  of  the  spring 
with  a  velocity  bearing  a  known  constant  proportion  to  the  velo- 
city with,  which  the  resistance  is  overcome.  The  spring  carries  a 
pen  or  pencil,  which  marks  on  the  paper  or  cai-d  the  required  line. 
The  following  examples  of  this  class  of  instruments  will  be  do- 
scribed  in  the  sequel: — 

a,  Morin's  Traction  Dynamometer. 

h,  Morin's  Hotatoiy  Dynamometer. 

c.  Watt  and  M'Naught's  Steam  Engine  Indicator. 

III.  Instruments  which  record  the  work  performed,  but  not  the 
resistance  and  motion  separately. 

39.  Pr«ay*ii  FrIcUan  Dynainomctcr    ^  a        a  ^ 

measures  the  useful  work  performed 
by  a  prime  mover,  by  causing  the 
vhole  of  that  work  to  be  expended        ^j^^- 
in  overcoming  the  friction  of   a        ^*r^ 
brake.    In  fig.  12,  A  represents  a  Pj    ^j. 

cylindrical    drum,  driven   by  the 
jam  mover;     The  block  D,  attached  to  the  lever  B  C,  and  the 


42  INTEODUCTIOir. 

smaller  blocks  with  which  the  chain  E  is  shod^  form  a  brake  which 
embraces  the  drum,  and  which  is  tightened  by  means  of  the  screws 
F,  F,  until  its  friction  is  sufficient  to  cause  the  drum  to  rotate  at 
an  uniform  speed.  The  end  0  of  the  lever  carries  a  scale  G,  in 
which  weights  are  placed  to  an  amount  just  sufficient  to  balance 
the  friction,  and  keep  the  lever  horizontal.  The  lever  ought  to  be 
80  loaded  at  B  that  when  there  are  no  weights  in  the  scale,  it  shall 
be  balanced  upon  the  axis.  The  lever  is  prevented  from  deviating 
to  any  inconvenient  extent  from  a  horizontal  position  by  means  of 
safety  stops  or  guards  H,  K. 

The  weight  of  the  load  in  the  scale  which  balances  the  Motion 
being  multiplied  into  the  horizontal  distance  of  the  point  of  suspen- 
sion C  from  the  axis,  gives  the  moment  o/JricUonj  which  being 
multiplied  into  the  angular  velocity  of  the  drum,  gives  the  rate  of 
useful  vxyrh  or  effective  power  of  the  prime  mover. 

As  the  whole  of  that  power  is  expended  in  overcoming  the  Mo- 
tion between  the  drum  and  the  brake,  the  heat  produced  is  in 
general  considerable ;  and  a  stream  of  water  must  be  directed  on 
the  rubbing  surfaces  to  abstract  that  heat. 

The  friction  dynamometer  is  simple  and  easily  made ;  but  it  is 
ill  adapted  to  measure  a  variable  effi)rt ;  and  it  requires  that  when 
the  power  of  a  prime  mover  is  measured,  its  ordinary  work  should 
be  interrupted,  which  is  inconvenient  and  sometimes  impracticable. 

40.    IHoriii'fl   Tractlaa  I>7nain«in«ter. — The   descriptions    of   this 

and  some  other  dynamometers  invented  by  General  Morin  are 
abridged  from  his  works  entitled  Sur  qudques  AppareiU  dynamo-' 
metriqiies  and  Notions  fondamentalea  de  Meccmique. 

Fig.  13  is  a  plan  and  fig.  13  a  an  elevation  of  a  dynamometer  for 
recording  by  a  diagram  l£e  work  of  dragging  a  \osA  horizontally. 
a  a,  bb,  are  a  pair  of  steel  springs,  through  which  the  tractive 
force  is  transmitted,  and  which  serve  by  their  deflection  to  measure 
that  force.  They  are  connected  together  at  the  ends  by  the  steel 
links  /,/,  The  effi)rt  of  the  prime  mover  is  applied,  through  the 
link  r,  to  the  gland  c?,  which  is  fixed  on  the  middle  of  the  fore- 
most spring;  the  equal  and  opposite  resistance  of  the  vehicle  is 
applied  to  the  gland  c,  which  is  fixed  on  the  middle  of  the  after- 
most spring.  When  no  tractive  force  is  exerted,  the  inward  faces 
of  the  springs  are  straight  and  parallel ;  when  a  force  is  exerted, 
the  springs  are  bent,  and  are  drawn  apart,  through  a  distance  pro- 
portional to  the  force.  The  springs  are  protected  against  being 
bent  so  far  as  to  injure  them  by  means  of  the  safety  bridles  t,  t, 
with  their  bolts  e,  e.  Those  bridles  are  carried  by  the  after-gland, 
and  their  bolts  serve  to  stop  the  foremost  spring  when  it  is  drawn 
forward  as  far  as  is  consistent  with  the  preservation  of  elasticity 
and  strength. 
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The  frame  of  tlie  apparatus  for  giving  motion  to  the  paper  band 


Fig.  18. 


t 


©=^^^)«= 


Fig.  13  a, 

is  carried  by  the  afber-gland.  The  principal  parts  of  that  apparatus 
are  the  following : — 

I,  store  dram  on  which  the  paper  band  is  rolled  before  the  com- 
mencement of  the  experiment,  and  off  which  it  is  drawn  as  the 
experiment  proceeds ; 

9,  taking-tip  drum,  to  which  one  end  of  the  paper  band  is  glued, 
and  which  draws  along  and  rolls  up  the  paper  band  with  a  velocity 
proportional  to  that  of  the  vehicle.  Fixed  on  the  axis  of  this  drum 
is  a  fosee  having  a  spiral  groove  round  it,  whose  radius  gradually 
increases  at  the  same  rate  as  that  at  which  the  effective  radius  of 
the  drum  g  is  increased  during  its  motion  by  the  roUing  of  succes- 
are  coils  of  paper  upon  it  The  object  of  this  is  to  prevent  that 
increase  of  the  effective  radius  of  the  drum  £rom  accelerating  the 
speed  of  the  paper  band; 

»  is  a  drum  which  receives  through  a  train  of  wheelwork  and 
«ndle88  screws,  a  velocity  proportional  to  that  of  the  wheels  of  the 
Tehicle,  and  which,  by  means  of  a  cord,  drives  the  fusee.  The 
mechanism  is  usually  so  designed  that  the  paper  moves  at  one- 
fiftieth  of  the  speed  of  the  vehicle. 

Between  the  drums  I  and  g,  there  are  three  small  rollers  to  sup- 
port the  paper  band  and  keep  it  iiteady. 

One  of  the  safety  bridles  carrie.)  a  pencil  k,  which,  being  at  rest 
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relatiyely  to  the  frame  of  the  recording  apparatus,  traces  a 
straight  line  on  the  band  of  paper  as  the  latter  travels  below 
the  pencil.  That  line  is  called  the  zero  line,  and  corresponds  to 
O  X  in  ^g.  3. 

An  arm  fixed  to  the  forward  gland  carries  another  pencil,  whose 
position  is  adjusted  before  the  experiment^  so  that  when  there  is 
no  tractive  force  its  point  rests  on  the  zero  lin&  Daring  the  ex- 
periment, this  pencil  traces  on  the  paper  band  a  line  such  as 
E  B  G,  fig.  3,  whose  ordinate  or  distance  from  any  given  point  in 
the  zero  line  is  the  deflection  of  the  pair  of  springs,  and  propor- 
tional to  the  tractive  force,  at  the  corresponding  point  in  the  jour- 
ney of  the  vehicle. 

The  areas  of  the  diagrams  drawn  by  this  apparatus,  representing 
quantities  of  work,  may  be  found  either  by  the  method  described 
in  Articles  11,  1 1  A,  or  by  an  instrument  for  measuring  the  areas  of 
plane  figures,  called  the  Planimeterj  of  which  various  forms  have 
been  invented  by  Ernst,  Sang,  Clerk  Maxwell,  Amstler,  and 
others. 

A  third  pencil,  actuated  by  a  clock,  is  sometimes  caused  to  mark 
a  series  of  dote  on  the  paper  band  at  equal  intervals  of  time,  and 
so  to  record  the  changes  of  velocity. 

When  one  vehicle  (such  as  a  locomotive  engine)  drags  one  or 
more  others,  the  apparatus  may,  if  convenient,  be  turned  hind  side 
before,  and  carried  by  the  foremost  vehicle.  In  such  a  case  tho 
motion  of  the  band  of  paper  ought  to  be  derived,  not  from  a  driving 
wheel,  which  is  liable  to  slip,  but  from  a  bearing  wheel 

When  the  apparatus  is  used  to  i-ecord  the  tractive  force  and 
work  performed  in  towing  a  vessel,  the  apparatus  for  moving  the 
paper  band  may  be  driven  by  means  of  a  wheel  or  fan,  acted  upon 
by  the  water;  in  which  case,  the  ratio  of  the  velocity  of  the  band 
to  that  of  the  vessel  should  be  determined  by  experiment. 

Owing  to  the  varieties  which  exist  in  the  elasticity  of  steel,  the 
relation  between  the  deflections  of  the  springs  and  the  tractive 
forces  can  only  be  roughly  calculated  beforehand,  and  should  be 
determined  exactly  by  direct  experiment — that  is,  by  hanging 
known  weights  to  the  springs  and  noting  the  deflections. 

The  best  form  of  longitudinal  section  for  each  spring  is  that 
which  gives  the  greatest  flexibility  for  a  given  strength,  and  con- 
sists of  two  parabolas,  having  their  vertices  at  the  two  ends  of  the 
spring,  and  meeting  base  to  base  in  the  middle — ^that  is  to  say,  the 
thickness  of  the  spring  at  any  given  point  of  its  length  should  be 
proportional  to  the  square  root  of  the  distance  of  that  point  from 
the  nearest  end  of  the  spring.     To  express  this  by  a  formulai  let 

c  be  the  half-length  of  the  spring; 

A  the  thickness  in  the  middle; 
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X  the  distance  of  any  point  in  the  spring  from  the  end  nearest 
to  it; 
7/  the  thiokneBS  at  that  point;  then 


v=*v?- 


.(1.) 


The  breadth  of  each  spring  should  he  uniform,  and,  according  to 
General  Morin,  should  not  exceed  from  1^  to  2  inches.  Let  it  be 
denoted  by  b. 

The  following  is  the  formula  for  calculating  beforehand  the  pro- 
bable joint  deflection  of  a  given  pair  of  springs  under  a  given  trac- 
tive force : — 

Let  the  dimensions  c,  h,  h,  be  stated  in  inches^  and  the  force  P 
in  pounda 

Let  y  denote  the  deflection  in  inches. 

Let  E  denote  the  modulus  of  elasticity  of  steel,  in  pounds  on  the 
square  incL  Its  value,  for  different  specimens  of  steel,  varies  from 
2y,000,000  to  42,000,000,  the  smaller  values  being  the  most  com- 
moo.     Then 

8Pc» 


y  = 


E6A» 


.(2.) 


The  deflection  should  not  be  permitted  to  exceed  about  one- 
tenth  part  of  the  length  of  the  springs. 
41.  ni«rtai%  B^tatmr  i>7iiaiii«m«ccr  is  represented  in  flgs.  14,  14  a, 


Fig.  14. 


;.  14a. 


tnd  is  desigpied  to  record  the  work  performed  by  a  prime  mover  in 
tmumittiBg  xotatoiy  motion  to  any  machine.     A  is  a  fast  pulley. 
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and  C  a  loose  pulley,  on  the  same  sliaft.  A  belt  transmits  motion 
from  the  prime  mover  to  one  or  other  of  those  pulleys  according  as 
it  is  desired  to  transmit  motion  to  the  shaft  or  not. 

A  third  pulley,  B,  on  the  same  shaft,  carries  the  belt  which 
transmits  motion  to  the  machine  to  be  driven.  This  pulley  is  also 
loose  on  the  shaft  to  a  certain  extent,  so  that  it  is  capable  of  mov- 
ing relatively  to  the  shaft,  backwards  and  forwards  through  a  small 
arc,  sufficient  to  admit  of  the  deflection  of  a  steel  spring  by  -which 
motion  is  transmitted  from  the  shaft  to  the  pulley. 

One  end  of  that  spring  is  fixed  to  the  shafl,  so  that  the  spring 
projects  from  the  shaft  like  an  arm,  and  rotates  along  with  it. 
The  other  end  of  the  spring  is  connected  with  the  pulley  B  near  its 
circumference,  and  is  the  means  of  driving  that  pulley;  so  that  the 
spring  undergoes  deflection  propoi-tional  to  the  effort  exerted  by 
the  shaft  on  the  pulley. 

A  irame  projecting  radially  like  an  arm  from  the  shaft,  and 
rotating  along  with  it,  carries  an  apparatus  similar  to  that  used  in 
the  traction  dynamometer,  for  making  a  band  of  paper  move  radi- 
ally with  respect  to  the  shaft  with  a  velocity  proportional  to  the 
speed  with  which  the  shaft  rotates.  A  pencil  carried  by  this  frame 
traces  a  zero  line  on  the  paper  band;  and  another  pencil  carried 
by  the  end  of  the  spring,  traces  a  line  whose  ordinates  represent 
the  forces  exerted,  just  as  in  the  traction  dynamometer. 

The  mechanism  for  moving  the  paper  band  is  driven  by  a  toothed 
ring  surrounding  the  shaft,  and  kept  at  rest  while  the  shaft  rotates 
by  means  of  a  catch.  When  that  catch  is  drawn  back,  the  toothed 
ring  is  set  free,  rotates  along  with  the  shaft,  and  ceases  to  drive 
the  mechanism;  and  thus  the  motion  of  the  paper  band  can  be 
stopped  if  necessary.     (See  Addendum,  page  80^ 

42.  JHoriB'B  IntegraUag  Dynanaoineten  record  simply  the  work 
performed  in  dragging  a  vehicle  or  driving  a  machine,  without  re- 
cording separately  the  force  and  the  motion.  The  general  principle 
of  the  method  by  which  this  is  effected  is  shown  by  fig.  15,  in 

which  A  represents  a  plane  circular 
disc,  made  to  rotate  with  an  angular 
velocity  proportional  to  the  speed  of 
the  motion  of  Uka  vehicle  or  machine, 
and  B  a  small  wueel  driven  by  the 
friction  of  the  disc  against  its  edge. 
Fig.  15.  and  having  its  axis  parallel  to  a 

radius  of  the  disc.  'Aie  wheel  B, 
and  some  mechanism  which  it  drives,  are  carried  by  a  firame 
which  is  carried  by  one  of  the  dynamometer  springs,  and  so  ad- 
justed that  the  distance  of  the  edge  of  B  from  the  centre  of  A  is 
equal  to  the  deflection  of  the  springs^  and  proportional  to  the  efibrl 
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The  yelocity  of  the  edge  of  B  at  any  instant  being  the 
cf  its  distance  from  the  centre  of  A  into  the  angular  veloci 
is  proportional  to  the  product  of  the  effort  into  the  velocity 
Tehide  or  machine — ^that  is,  to  the  rcUe  at  which  vxyrh  is  per 
therefore  the  motion  of  the  -wheel  B,  in  any  interval  of 
ffroportioTud  to  the  toork  performed  in  that  time;  and  that  w 
be  recorded  hy  means  of  dial  plates,  ^th  indexes  moved  bj 
of  vheelwork  driven  by  the  wheel  B. 

43.  iMdieaUra^-AppIlcailon  t«  the  Stenm  Englae. — This  insi 
TOs  invented  by  Watt,  and  has  since  been  improved  by  oi 
ventors,  and  especially  by  Mr.  M*Naught.  Its  object  is  to 
br  means  of  a  diagram,  the  intensity  of  the  pressure  exe 
steam  against  one  of  the  faces  of  a  piston  at  each  point  of 
ton's  motion,  and  so  to  afford  the  means  of  computing,  ac 
to  the  principles  of  Article  6  and  Ai-ticle  11,  first,  the 
exerted  by  the  steam  in  driving  the  piston  during  the  ; 
stroke ;  secondly,  the  work  lost  by  the  piston  in  expell 
Bteam  from  the  cylinder  during  the  return  stroke ;  and  thir' 
difierence  of  these  quantities,  which  is  the  available  or 
energy  exerted  by  the  steam  on  the  piston,  and  which,  beir 
tiphed  by  the  number  of  strokes  per  minute  and  divided  by 
foot-pounds,  gives  the  indicated  horse-power. 

The  indicator  in  its  present  form  is  represented  by  fig.  1' 
is  a  cylindrical  case.  Its  lower  end  A  contains  ^ 
a  small  cylinder,  fitted  with  a  piston,  which 
cylinder,  by  means  of  the  screwed  nozzle  at  its 
lower  end,  can  be  fixed  in  any  convenient  posi- 
tion on  a  tube  communicating  with  that  end  of 
the  engine  cylinder  where  the  work  of  the  steam 
is  determined.  The  communication  between  the 
engine  cylinder  and  the  indicator  cylinder  can  be 
opened  and  shut  at  will  by  means  of  the  cock  K. 
When  it  is  open,  the  intensity  of  the  pressure  of 
the  steam  on  the  engine  piston  and  on  the  indi- 
cator piston  is  the  same,  or  nearly  the  same. 

The  upper  end  B  of  the  cylindrical  case  con- 
tains a  spiral  spring,  one  end  of  which  is  at- 
tached to  the  piston  or  to  its  rod,  and  the  other 
to  the  top  of  the  casing.  The  indicator  piston 
is  pressed  from  below  by  the  steam,  and  from 
above  by  the  atmosphere.  When  tJie  pressure 
of  the  steam  is  equal  to  that  of  the  atmosphere, 
the  spring  retains  its  unstrained  length,  and  the  piston  its 
position.  When  the  pressure  of  the  jsteam  exceeds  thai 
atmosphere,  the  piston  is  driven  outwards,  and  the  spri 
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pressed;  when  the  pressure  of  the  steam  is  less  than  that  of  the 
atmosphere,  the  piston  is  driven  inwards,  and  the  spring  extended^ 
The  compression  or  extension  of  the  spring  indicates  the  difference, 
upward  or  downward,  between  the  pressure  of  the  steam  and  that 
of  the  atmosphere. 

A  short  arm  C  projecting  from  the  indicator  piston  rod  carries  at 
one  side  a  pointer  D,  which  shows  the  pressure  on  a  scale  whose 
zero  denotes  the  pressure  of  the  atmosphere,  and  which  is  graduated 
into  poimds  on  the  square  inch  both  upwards  and  downwards 
from  that  zero.  At  the  other  side,  the  short  arm  has  a  longer  arm 
jointed  to  it,  carrying  a  pencil  R 

F  is  a  brass  drum,  which  rotates  backward  and  forward  about  a 
vertical  axis,  and  which,  when  about  to  be  used,  is  covered  with  a 
piece  of  paper  called  a  "  card"  It  is  alternately  pulled  round  in 
one  direction  by  the  cord  H,  which  wraps  on  the  pulley  Gr,  and 
pulled  back  to  its  original  position  by  a  spring  contained  within 
itself.  The  cord  H  is  to  be  connected  with  the  mechanism  of  the 
steam  engine  in  any  convenient  manner  which  shall  insure  that 
the  velocity  of  rotation  of  the  drum  shall  at  every  instant  bear  a 
constant  ratio  to  that  of  the  steam  engine  piston :  the  back  and 
forward  motion  of  the  surface  of  the  drum  representing  that  of  the 
steam  engine  piston  on  a  reduced  scale.  This  having  been  done, 
and  before  opening  the  cock  K,  the  pencil  is  to  be  placed  in  con- 
tact with  the  drum  during  a  few  strokes,  when  it  will  mark  on  the 
card  a  line  which,  when  the  card  is  afterwards  spread  out  flat, 
becomes  a  straight  line.  This  line,  whose  position  indicates  the 
pressure  of  the  atmosphere,  is  called  the  atmospheric  line.  In  flg. 
17,  it  is  represented  by  A  A 
Then  the  cock  K  is  opened^  and  the  pencil  moving  up  and  down 

with  the  variations  of  the  pressure 
of  the  steam,  traces  on  the  card 
during  each  complete  or  double 
stroke  a  curve  such  as  B  C  D  E  R 
The  ordinates  drawn  to  that  curve 
from  any  point  in  the  atmospheric 
line,  such  as  HK  and  HG,  indi- 
cate the  differences  between  the 
_  pressure  of  the  steam  and  the  at- 

p.^  jy  "         mospheric   pressure    at  the  corre- 

**'     '  spending  point  of  the  mption  of  the 

piston.  The  ordinates  of  the  part  B  C  D  E  represent  the  pres- 
sures of  the  steam  during  the  forward  stroke,  when  it  is  driving 
the  piston;  those  of  the  part  EB  represent  the  pressures  of  the 
Bteam  when  the  piston  is  expelling  it  from  the  cylinder. 

To  found  exact  investigations  on  the  indicator  diagrams  of  ateam 
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engines,  tbe  atmospheric  pressure  at  the  time  of  the  experiment 
ought  to  be  ascertained  by  means  of  a  barometer;  but  this  is  gene- 
rally omitted ;  in  -which  case  the  atmospheric  pressure  may  be 
assumed  at  its  mean  value,  being  14*7  lbs.  on  the  square  inch,  or 
2116-4  IbsL  on  the  square  foot,  at  and  near  the  level  of  the  sea. 

Let  A  O  =  H  F  be  ordinates  representing  the  pressure  of  the 
atmosphere.  Then  O  F  Y  parallel  to  A  A,  is  the  absolrUe  or  trrie 
zero  Ime  of  the  diagram,  corresponding  to  no  pressure;  and  ordi- 
nates drawn  to  the  curve  from  that  line  represent  the  absolute 
intensities  of  the  pressure  of  tlie  steam.  Let  O  £  and  L  £  be  ordi- 
nates touching  the  ends  of  the  diagram;  then 

OL  represents  the  voIutm  traversed  by  the  piston  at  each  single 
stroke  (  =  «  A,  where  8  is  the  length  of  the  stroke  and  A  the  area 
of  the  piston); 

The  area  O  B  C  D  E  L  O  represents  the  energy  exerted  by  the 
steam  on  the  piston  during  the  forward  stroke ; 

The  area  O  B  £  L  O  represents  the  work  lost  in  expelling  the 
steam  during  the  back  stroke; 

The  area  B  C  D  £  B,  being  the  difference  of  the  above  ai'eas,  re- 
Iiresents  the  effective  work  of  the  steam  on  the  piston^  duHng  the 
complete  stroke. 

Those  areas  can  be  found  by  the  method  explained  in  Article  11a. 

The  mean  forward  pressure^  the  mean  b<ick  pressure,  and  the  mean 
efedive  pressure,  are  found  by  dividing  those  three  areas  respec- 
tively by  the  volume  s  A,  which  is  represented  by  OL. 

Those  mean  pressures,  however,  can  be  found  by  a  direct  process, 
without  first  measuring  the  areas,  viz. : — 

Divide  the  length  of  the  diagram  O  L  into  any  convenient  num- 
W,  n,  of  equal  parts  (the  usual  number  is  ten),  and  measure  the 
ordinates  at  the  two  ends  and  the  n—  1  points  of  division;  so  that 
ordinates  are  measured  from  n  + 1  equi-distant  points  in  O  L. 

Let  po  be  the  first,  p^  the  last,  and  pi,  pf,  <kc.,  the  intermediate 
ordinates  of  the  upper  curve  C  D  E ;  letjo'o  ^e  the  first,  p'^  the  last, 
and  p\,  p*2,  &c.,  the  intermediate  ordinates  of  the  lower  curve 
EGB;  let  p^  denote  the  mean  forward  pressure,  p'^  the  mean 
back  pressure,  and  p^  -^^  the  mean  effective  pressure.     Then 
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It  is  obvious  that  the  mean  effeddTe  pressure  znaj  be  computed 
at  once  irrespectively  of  the  forward  and  back  pressures,  and  of  the 
true  zero  line^  simply  by  measuring  a  series  of  equi-distant  breadths 
of  the  diagram  perpendicular  to  A  A,  such  as  GK  ;  the  mean  of 
which  breadths  represents  the  mean  effective  pressure.  That  is,  let 
bo  be  the  firsts  b^  ihe  last,  and  5],  bi,  &c.,  the  intermediate  breadths; 
then 

^.-y.=i(^+j.+j,+&c.) (2.) 

The  effective  energy  exerted  by  the  steam  on  the  piston  during 
each  double  stroke  is  the  product  of  the  mean  effective  pressure, 
the  area  of  the  piston,  and  the  length  of  stroke,  or 

{p^-p'.)Asi (3.) 

and  if  N  be  the  number  of  double  strokes  in  a  minute,  the  indicated 
power  infoot-pomida  per  minute  is 

(p.-y.)AN»; (4.) 

from  which  the  indicated  horse-potoer  is  found  by  dividing  by 
33,000. 

In  a  DoaUe  Actiiif  KagiBe  the  steam  acts  alternately  on  either 
ade  of  the  piston ;  and  to  measure  the  power  accurately,  two  indi- 
cators should  be  used  at  the  same  time,  communicating  respectively 
with  the  two  ends  of  the  cylinder.  Thus  a  pair  of  diagrams  will 
be  obtained,  one  representing  the  action  of  the  steam  on  each  face 
of  the  piston.  The  mean  effective  pressure  is  to  be  found  as  above 
for  each  diagram  separately,  and  then,  if  the  areas  of  the  two  faces 
of  the  piston  are  sensibly  equal,  the  mean  of  those  two  restUts  is  to 
be  taken  as  the  general  mean  effective  pressure;  which  being  multi- 
plied by  the  area  of  the  piston,  the  length  of  stroke,  and  twice  tho 
number  of  double  strokes  or  revolutions  in  a  minute,  gives  the 
indicated  power  per  minute;  that  is  to  say,  if  p"  denotes  the  gene- 
ral mean  effective  pressure,  the  indicated  power  per  minute  is 

yA-2NA (5.) 

If  the  two  faces  of  the  piston  are  sensibly  of  unequal  areas 
(as  in  "  trunk  engines "),  the  indicated  power  is  to  be  computed 
separately  for  each  face,  and  the  results  added  together. 

If  there  are  two  or  more  cylinders,  the  quantities  of  power 
indicated  by  their  respective  diagrams  are  to  be  added  together. 

The  following  is  an  example  from  a  double  cylinder,  double  act- 
ing engine: — 
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Brsabths  of  Diagrams,  Measubed  by  a  Scale  BEPRESENTDfa 

PoUimS  ON  THE  SqUAEE  IkCH. 


n=  lo. 


FIRST  CYLINDER. 

SECOND  CTUNDER. 

TOF. 

BOTTOX. 

tor. 

BOTTOK. 

h 

i.. 

27 
13 

36 
12 

l6-o 
2-0 

12-4 

3-8 

Sum, 

1   J, 

,t:::  ;:; 

ft* 

ft. 

ft. 

ftr 

ft. 

ft. 

Sum, 

Sum  -r  ID  =  meaneff.  pres. 

Mean  of  top  and  bottom, 
X  Area  of  piston,  sq.  ins., 

Mean  effort,  in  lbs., 
X  Stroke,  in  feet,   2^] 
X    revolutions    per  > 
minute,  52^,  X  2  =  j 

Indicated  power,  in  fli.-  1 
iba.  per  minute,        / 

Toftal  indie,  power,  in  ft.-] 
■i*  33000  ^  indicated  horse 

40 

48 

i8-o 

16-2 

20 

83 
91 
91 
64 

57 
53 
43 

35 
22 

34 

96 
84 
64 

46 
40 
32 

32 

90 

IO-5 
8-5 
75 
7-0 
66 
6-2 
60 
51 
45 

8-1 

IO-8 
90 
8-0 

11 

6-0 
5-6 
5-4 

5-0 

558 

563 

709 

71-7 

55-8 

56-2 

7-09 

717 

560 
345 

r 

i3> 

9839 

262 

13 

3o 

•4 
•5 

19320 
2625 

5071500 
lbs.  per  min.,    7654 
-power, 

3582842 

J42-5 
833 

•5 
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The  inertia  of  the  moving  parts  of  the  indicator,  combined  witli 
the  elasticity  of  the  spring,  cause  oscillations  of  its  piston.  In 
order  that  the  errors  thus  produced  in  the  indicated  pressures  at 
particular  instants  may  be  as  small  as  possible,  and  may  neutralize 
each  othei-a*  effects  on  the  whole  indicated  power,  the  inertia  ou<5lit 
to  be  as  small  as  practicable,  and  the  spring  as  stiff  as  is  consistent 
with  showing  the  pressures  on  a  visible  scale. 

The  friction  of  the  moving  parts  of  the  indicator  tends  on  the 
whole  to  make  the  indicated  power  and  indicated  mean  effective 
pressure  less  than  the  truth,  but  to  what  extent  is  uncertain. 

Every  indicator  should  have  the  accuracy  of  the  graduation  of 
its  scale  of  pressures  frequently  tested  by  comparison  with  a  stan- 
dard pressure  gauge. 

The  conclusions  to  be  drawn  from  the  figures  of  indicator 
diagrams  will  be  treated  of  in  the  part  of  this  treatise  which 
relates  specially  to  the  steam  engine. 

44.  indicaior^oihcr  Application*. — The  indicator  may  obviously 
be  used  for  measuring  the  energy  exerted  by  any  fluid,  whether 
liquid  or  gaseous,  in  driving  a  piston ;  or  the  work  perfonnsd  by  a 
pump,  in  lifting,  propelling,  or  compressing  any  fluid 

Section  5. — 0/ Brakes. 

45.  Bnikm  ]>riined  and  Clamed. — The  contrivances  here  com- 
prehended xmder  the  general  title  of  Brakes  are  those  by  means  of 
which  friction,  whether  exemsed  amongst  solid  or  fluid  particles, 
is  purposely  opposed  to  the  motion  of  a  machine,  in  order  either  to 
stop  it,  to  retard  it,  or  to  employ  superfluous  energy  during  uniform 
motion.  The  use  of  a  brake  involves  waste  of  energy,  which  is  in 
itself  an  evil,  and  is  not  to  be  incurred  unless  it  is  necessary  to  con- 
venience or  safety. 

Bi-akes  may  be  classed  as  follows : — 

I.  Block  hraJces,  in  which  one  solid  body  is  simply  pressed  against 
another,  on  which  it  laibs. 

II.  Flexible  brakes,  wliich  embrace  the  peripheiy  of  a  drum  or 
pulley  (as  in  Prony's  dynamometer.  Article  39). 

III.  Fump  brakes,  in  which  the  resistance  employed  is  the  fric- 
tion amongst  tho  particles  of  a  fluid  forced  through  a  narrow 
passage. 

IV.  Fan  brakes,  in  which  the  resistance  employed  is  that  of  a 
fluid  to  a  fan  rotating  in  it. 

46.  Action  of  BrakM  la  Oenerai. — The  work  disposed  of  by  a 
brake  in  a  priven  time  is  the  product  of  the  resistance  which  it  pro- 
duces into  the  distance  through  which  that  i*esistance  is  overcome 
in  a  given  tima 
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To  9top  a  machine,  the  brake  must  employ  work  to  the  amount 
of  the  whole  actual  energy  of  the  machine,  as  already  stated  in 
Artide  34.  To  retard  a  machine,  the  brake  must  employ  work  to 
&n  amount  equal  to  the  difference  between  the  actual  energies  of 
the  machine  at  the  greater  and  less  velocities  respectively. 

To  dispose  of  surplus  energy ^  the  biuke  must  employ  work  equal 
to  that  energy ;  that  is,  the  resistance  caused  by  the  brake  must 
>«ilance  the  surplus  effort  to  which  the  surplus  energy  is  due ;  so 
that  if  n  is  the  ratio  which  the  velocity  of  rubbing  of  the  brake 
bears  to  the  velocity  of  the  driving  point,  P  the  surplus  effort  at 
the  driving  pointy  and  K  the  resistance  of  the  brake,  we  ought  to 
have — 

«=! (^•) 

It  is  obviously  better,  when  practicable,  to  store  surplus  energy, 
or  to  prevent  its  exertion,  than  to  dispose  of  it  by  means  of  a 
brake. 

When  the  action  of  a  brake  composed  of  solid  material  is 
continuous,  a  stream  of  water  must  be  supplied  to  the  rubbing 
surfaces,  to  abstract  the  heat  that  is  produced  by  the  friction, 
according  to  the  law  stated  in  Article  13. 

47.  Block  Brake*. — ^When  the  motion  of  a  machine  is  to  be 
controlled  by  pressing  a  block  of  solid  material  against  the  rim  of  a 
rotating  drum,  it  is  advisable,  inasmuch  as  it  is  easier  to  renew  the 
nibbing  surfiace  of  the  block  than  that  of  the  drum,  that  the  drum 
should  be  of  the  harder  and  the  block  of  the  softer  material — ^the 
dram,  for  example,  being  of  iron  and  the  block  of  wood.  The  best 
kinds  of  wood  for  this  purpose  are  those  which  have  considerable 
strength  to  resist  crushing,  such  as  elm,  oak,  and  beech.  The  wood 
forma  a  facing  to  a  frame  of  iron,  and  can  be  renewed  when  worn. 
When  the  brake  is  pressed  against  the  rotating  drum,  the  direc- 
tion of  the  pressure  between  them  is  obliquely  opposed  to  the 
motion  of  the  drum  so  as  to  make  an  angle  with  the  radius  of  the 
<hTim  equal  to  the  angle  of  repose  of  the  rubbing  surfaces  (denoted 
by  ^ :  see  Article  13).  The  component  of  that  oblique  pressure  in 
the  direction  of  a  tangent  to  the  rim  of  the  drum  is  Uie  friction 
(R) ;  the  component  perpendicular  to  the  rim  of  the  drum  is  the 
iiormal  pressure  (Q)  required  in  order  to  produce  that  friction^  and 
ia  given  by  the  equation — 

«=?' <■■) 

/being  the  co-efficient  of  friction,  and  the  proper  value  of  B  being 
^tennined  by  the  principles  stated  in  Article  46. 
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It  is  in  general  desirable  that  the  brake  should  be  capable  of 
effecting  its  purpose  when  pressed  against  the  drum  by  means  of 
the  strength  of  one  man,  pulling  or  pushing  a  handle  with  one 
hand  or  one  foot  As  the  required  normal  pressure  Q  is  usually 
considerably  greater  than  the  force  which  one  man  can  exert,  a 
lever,  or  screw,  or  a  train  of  levers,  screws,  or  other  convenient 
mechanism  must  be  interposed  between  the  brake  block  and  the 
handle,  so  that  when  the  block  is  moved  towards  the  drum,  the 
handle  shall  move  at  least  through  a  distance  as  many  times 
greater  than  the  distance  by  which  the  block  diredly  approaches 
the  drum,  as  the  required  normal  pressure  is  greater  than  the  force 
which  the  man  can  exert 

Although  a  man  may  be  able  occasionally  to  exert  with  one 
hand  a  force  of  100  Iba  or  150  lbs.  for  a  short  time,  it  is  desirable 
that,  in  working  a  brake,  he  should  not  be  required  to  exert  a 
force  greater  than  he  can  keep  up  for  a  considerable  time,  and 
exert  repeatedly  in  the  course  of  a  day,  without  £ittigue — ^that  is  to 
say,  about  20  lbs.  or  25  lbs. 

48.  The  BMkM  •€  CarriacM  are  usually  of  the  class  just  de- 
scribed, and  are  applied  either  to  the  wheels  themselves  or  to 
drums  rotating  aloog  with  the  wheels.  Their  effect  is  to  stop  or  to 
retard  the  rotation  of  the  wheels,  and  make  them  slip  instead  of 
rolling  on  the  road  or  railway.  The  resistance  to  the  motion  of  a 
carriage  which  is  caused  by  its  brake  may  be  less  but  cannot  be 
greater  than  the  friction  of  the  stopped  or  retarded  wheels  on  the 
road  or  rails  under  the  load  which  rests  on  those  wheels.  The 
distance  which  a  carriage  or  train  of  carriages  will  run  on  a  level 
line  during  the  action  of  the  brakes  before  stopping  is  found  by 
dividing  the  actual  energy  of  the  moving  mass  before  the  brakes 
are  applied  by  the  sum  of  the  ordinary  resistance  and  of  the  addi- 
tional resistance  caused  by  the  brakes;  in  other  words,  that  dis- 
tance is  as  many  times  greater  than  the  height  due  to  the  speed  as 
the  weight  of  the  moving  mass  is  greater  than  the  total  resistanca 

The  skid  or  dipper  drag,  being  placed  \mder  a  wheel  of  a  carriage, 
causes  a  resistance  due  to  the  £nction  of  the  skid  upon  the  road  or 
rail,  under  the  load  that  rests  on  the  wheel 

49.  FiejciM«  BnkM  {A.  if.,  678V — ^A  flexible  brake  embraces  a 
greater  or  less  arc  of  the  rim  of  a  arum  or  pulley,  whose  motion  it 
resists.  In  some  cases  it  consists  of  an  iron  strap,  of  a  radius 
naturally  a  little  greater  than  that  of  the  drum ;  so  that  when  left 
free,  the  strap  remains  out  of  contact  with  the  drum,  and  does  not 
resist  its  motion;  but  when  tension  is  applied  to  the  ends  of  the 
strap,  it  clasps  the  drum,  and  produces  the  required  friction.  The 
rim  of  the  drum  may  be  either  of  iron  or  of  wood  In  other  cases, 
thi)  brake  consistB  of  a  chain,  or  jointed  series  of  iron  bara^  usually 
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&ced  with  wooden  blocks  on  the  side  next  the  dram.  When  ten- 
sion is  applied  to  the  ends  of  the  chain,  the  blocks  dasp  the  dram 
and  produce  friction  j  when  that  tension  is  removed,  the  blocks  are 
diawn  back  from  the  drum  by  springs  to  which  they  are  attached, 
tad  the  friction  ceases. 

The  following  formulsB  are  exact  for  perfectly  flexible  continuous 

>«nds,  and  approximate  for  elastic  straps  and  for  chains  of  blocks* 

For  iheir  demonstration,  the  reader  is  referred  to  treatises  on 

mechanics. 

In  fig.  18,  let  AB  be  the  drum,  and  C  its  axis,  and  let  the 

direction  of  rotation  of  the  drum  be  indicated 

by  the  arro^w.     Let  T^  and  T^  represent  the 

tensions  at  the  two  ends  of  the  strap,  which 

embraces  the  rim  of  the  drum  throughout  the 

arc  A  B.     The  tension  T^  exceeds  the  tension 

T,  by  an  amount  equal  to  the  friction  between 

the  strap  and  drum,  R ;  that  is, 

B  =  Ti~Tj. 

Let  e  denote  the  ratio  which  the  arc  of  contact 
AB  bears  to  the  cifrcumference  of  the  dram; 
/  the  co-efficient  of  friction  between  the  strap 
and  drum;  then  the  ratio  T^iT^^the  rmmber 
vhoK  common  logarithm  is  2'728d/c,  or 


Kg.  18. 


±1  =  i02-7ffl8/e  =  N  ; (1.) 

▼hich  number  having  been  found,  is  to  be  used  in  the  following 
formnl®  for  finding  the  tensions  T^  Tj,  required  in  order  to  pro* 
dace  a  given  resistance  B : — 


Backward  or  greatest  tension,  T^  =  B  ' 
Forward  or  least  tension,         T^  =  B  * 


1 
N-r 


.(2.) 
.(3.) 


The  following  cases  occur  in  practice : — 

I  When  it  is  desired  to  produce  a  grecU  resisUmce  compcMrei 
wiih  the  force  applied  to  the  brake,  the  backward  end  of  the  brake, 
▼here  the  tension  is  T^  is  to  be  fixed  to  the  framework  of  the 
machinery,  and  the  forward  end  moved  by  means  of  a  lever  or 
other  suitable  mechamsm;  when  the  force  to  be  applied  by  means 
of  that  mechanism  will  be  T^;,  which,  by  making  N  sufficiently 
great^  may  be  made  small  as  compared  with  B. 
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II.  Wlien  it  is  desired  that  the  resistaiice  sludl  altoays  he  lees  t/iam 
a  certain  given  force,  the  forward  end  of  the  brake  is  to  be  fixed, 
and  the  backward  end  pulled  with  a  force  not  exceeding  the  given 
force.  This  will  be  T^;  and,  as  the  equation  2  shows,  how  great 
soever  N  may  be,  R  will  always  be  less  than  T,.  This  is  the 
principle  of  the  brake  appliea  by  Sir  William  Thomson,  to 
apparatus  for  paying  out  suomarine  telegraph  cables,  with  a  view 
to  limiting  the  resistance  within  the  amount  which  the  cable  can 
safely  bear. 

In  any  case  in  which  it  is  desired  to  give  a  great  value  to  the 
ratio  N,  the  flexible  brake  may  be  coiled  spirally  roimd  the  drum, 
80  as  to  make  the  arc  of  contact  greater  than  one  circumference. 

50.  Pnaip  Brakes. — The  resistance  of  a  fluid,  forced  by  a  pump 
through  a  naiTOw  oiiflce,  may  be  used  to  dis|)ose  of  superfluous 
energy. 

The  energy  which  is  expended  in  forcing  a  given  weight  of  fluid 
through  an  orifice  is  foimd  by  multiplying  that  weight  into  tlio 
height  due  to  the  greatest  velocity  which  its  particles  acquire  in 
that  process,  and  into  a  factor  greater  than  unity,  which  for  each 
kind  of  orifice  is  determined  experimentally,  and  whose  excess 
above  unity  expresses  the  proportion  which  the  energy  expended  in 
overcoming  the  friction  between  the  fluid  and  the  orifice  bears  to 
the  energy  expended  in  giving  velocity  to  the  fluid. 

The  following  are  some  of  the  values  of  that  fieuTtor,  which  will  be 
denoted  by  1  +  F  : — 

For  an  orifice  in  a  thin  plate,  1  +  F  =  1*054 (1.) 

For  a  straight  uniform  pipe  of  the  length  2,  and  whose  ht/drazilic 
mean  depth,  that  is,  the  area  divided  by  the  circumference  of  its 
cross-section,  is  m, 

1  +  F  =  1-505  +-^ (2.) 

For  cylindrical  pipes,  m  is  one-fourth  of  the  diameter. 

The  &ctor  /in  the  last  formula  is  called  the  co-efficient  o//riction 
of  the  fluid.  For  footer  in  iron  pipes,  the  diameter  a  being 
expressed  in  feet,  its  value,  according  to  Darcy,  is 

'•=  0-005  (l+~) (3.) 

ForatV,  /  =  0-006  nearly (4.) 

The  greatest  velocity  of  the  fluid  particles  is  found  by  dividing 
4he  volume  of  fluid  dischanred  in  a  second  by  the  area  of  the  outlet 
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si  lis  most  contracted  part  When  the  outlet  is  a  cylindrical 
pipe,  the  sectional  area  of  that  pipe  may  be  employed  in  this 
calculation ;  but  ivlien  it  is  an  on£ce  in  a  thin  plate,  there  is  a 
conlraeted  vein  of  tlie  issuing  stream  after  passing  the  orifice,  whoso 
treais  on  an  average  about  0*62  of  the  area  of  the  orifice  itself; 
and  that  contracted  area  is  to  be  employed  in  computing  the 
velocity.  Its  ratio  to  the  area  of  the  orifice  in  the  plate  is  called 
the  co-efftcierU  of  contrcuUion. 

The  computation  of  the  energy  expended  in  forcing  a  given 
qtiantity  of  a  given  fluid  in  a  given  time  through  a  given  outlet,  is 
expressed  symbolically  as  follows  : — 

Let  V  be  the  volume  of  fluid  forced  through,  in  euhie  feet  per 
iBoontL 

D,  the  density,  or  weight  of  a  cubic  foot,  in  pounds, 

A,  the  area  of  the  orifice,  in  square/eet, 
Cy  the  co-eflficient  of  contraction. 

r,  the  velocity  of  outflow,  in  feet  per  second, 

B,  the  resistance  overcome  by  the  piston  of  the  pump  in  driving 
the  water,  in  pounds. 

u,  the  velocity  of  that  piston,  m  feet  per  second. 
Then 

'  =  0-^' (^•) 

and 

Il«  =  DV(l  +  F)^; (6.) 

the  fiictor  1  4-  F  being  computed  by  means  of  the  formulae  1,  2,  3,  4. 
To  find  the  intensity  of  the  pressure  (p)  within  the  pump,  it  is  to 
be  observed,  as  in  Article  6,  that  if  A'  denotes  the  area  of  the 
jHSton, 

V  =  A'  w;  R  =  ;?  A'; (7.) 

consequently, 

p  =  5,  =  D(l+F)-^; (8.) 

that  18,  the  intensity  of  Hie  pressure  is  tliat  due  to  tlie  iceiglU  of  a 
tertical  column  of  the  fluids  wliose  IceiglU  is  greoUer  than  tJuU  due  to 
the  vdodJty  of  outflow  in  the  ratio  1  +  F  :  1. 

To  allow  for  the  friction  of  the  piston,  about  one-tenih  may  in 
general  be  added  to  the  result  given  by  equation  6. 

The  piston  and  pimip  have  been  spoken  of  as  single ;  and  such 
may  be  the  case  when  the  velocity  of  the  piston  is  uniform.  When 
a  piirton,  however,  is  driven  by  a  crank  on  a  shaft  rotating  at  an 
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uniform  speed,  its  velocity  yaries ;  and  when  a  pump  brake  is  to  be 
applied  to  such  a  shaft,  it  is  necessary,  in  order  to  give  a  sufficiently 
near  approximation  to  an  uniform  velocity  of  outflow,  that  there 
should  be  at  leasts  either  three  single  acting  pumps,  driven  by  three 
cranks  making  with  each  other  angles  of  120°,  or  a  pair  of  double 
acting  pumps,  driven  by  a  pair  of  cranks  at  right  angles  to  each 
other;  and  the  result  will  be  better  if  the  pumps  force  the  fluid 
into  one  common  air  vessel  before  it  arrives  at  the  resisting 
orifice. 

That  orifice  may  be  provided  with  a  valve,  by  means  of  which  its 
area  can  be  adjusted,  so  as  to  cause  any  required  resistance. 

A  pump  brake  of  a  simple  kind  is  exemplified  in  the  apparatus 
called  the  "  cata/ract,'^  for  regulating  the  opening  of  the  steam  valve 
in  single  acting  steam  engines.  It  will  be  more  fully  described 
under  the  head  of  those  engines.* 

51.  Fab  Brakes. — ^A  fim,  or  wheel  with  vanes,  revolving  in 
water,  oil,  or  air,  may  be  used  to  dispose  of  surplus  energy;  and 
the  resistance  which  it  causes  may  be  rendered  to  a  certain  extent 
adjustable  at  will,  by  making  the  vanes  so  as  to  be  capable  of  being 
set  at  different  angles  with  their  direction  of  motion,  or  at  difierent 
distances  from  their  axis. 

Fan  brakes  are  applied  to  various  machines,  and  are  usually 
adjusted  so  as  to  produce  the  requisite  resistance  by  trial  It  is, 
indeed,  by  trial  only  that  a  final  and  exact  adjustment  can  be 
eifected;  but  trouble  and  expense  may  be  saved  by  making,  in  the 
first  place,  an  approximate  adaptation  of  the  fan  to  its  purpose  by 
calculation. 

The  following  formulas  are  the  results  of  the  experiments  of 
Duchemin,  and  are  approved  of  by  Poncelet  in  his  Meccmique 
IndustrieUe, 

For  a  thin  fiiat  vane,  whose  plane  traverses  its  axis  of  rotation,  let 

A  denote  the  area  of  the  vane ; 

ly  the  distance  of  its  centre  of  gravity  from  the  axis  of  rotation  ; 

8,  the  distance  from  the  centre  of  gravity  of  the  entire  vane,  to 
the  centre  of  gravity  of  that  half  of  it  which  lies  nearest  the  axis  of 
rotation; 

r,  the  velocity  of  the  centre  of  gravity  of  the  vane  (  =  a  /,  if  a  is 
the  angular  velocity  of  rotation); 

D,  l^e  density  of  the  fluid  in  which  it  moves ; 

R  I,  the  moment  of  resistance ; 

ky  a  co-efficient,  whose  value  is  given  hy  the  formula 

*  Pump  bnkes  have  been  applied  to  railway  carriages  by  Mr.  Lanraioe  HilL  In 
1855,  it  waa  proposed  by  Mr.  John  Thomson  and  the  anthor  to  apply  them  to  the 
P^ying-out  i^paratos  of  tdogiaph  cables;  bat  that  proposal  has  not  yet  been  practi- 
cally tried.    (See  Addendam,  page  557.) 
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i=  1-254  +  1-G244  ^-^} (1.) 

tlten 

HI  ^  Ik  J)  A'  ^ (2.) 

When  the  vane  is  oblique  to  its  direction  of  motion,  let  i  denote 
the  acnte  angle  'which  its  surface  makes  with  that  direction;  then 
the  resnlt-  of  equatioD  2  is  to  be  multiplied  by 

^^\-. (3.) 


It  appears  that  the  resistance  of  a  fan  with  several  vanes  increases 
nearly  in  proportion  to  the  number  of  vanes,  so  long  as  their  dis- 
tances apart  are  not  less  at  any  point  than  their  lengths.  Beyond 
that  limit  the  law  is  uncertain. 

Section  6.— O/J^^y  WheeU. 

52.  ymtodicai  vinctaatioBs  of  Speed  in  a  machine  {A,  M.y  689) 
are  caused  by  the  alternate  excess  and  deficiency  of  the  energy 
exerted  above  the  work  performed  in  overcoming  resisting  forces, 
vhich  produce  an  alternate  increase  and  diminution  of  actual 
energy,  according  to  the  law  explained  in  Article  30. 

To  determine  the  greatest  fluctuations  of  speed  in  a  machino 
moving  periodically,  take  ABC,  in  fig.   19,  <*.    ^    ic 

to  represent  the  motion  of  the  driving  point     ^(^'^^(C    ^* 
daring  one  period ;  let  the  effort  P  of  the        1^*=^  ^^=-^ 
prime  mover  at  each  instant  be  represented  by 
the  ordinate  of  the  curve  D  G  E I F ;  and  let  . 
the  sum  of  the  resistances,  reduced  to  the 
driving  point  as  in  Article  9,  at  each  instant,  *^*6*  ^^* 

be  denoted  by  R,  and  represented  by  the  ordinate  of  the  curve 
D  H  E  K  F,  which  cuts  the  former  curve  at  the  ordinates  A  D, 
B£,CF.     Then  the  integral— 


jC2^H)ds, 


being  taken  for  any  part  of  the  motion,  gives  the  excess  or  defi* 
dency  of  energy,  according  as  it  is  positive  or  negative.  For  the 
entire  period  ABC  this  integral  is  nothing.  For  A  B,  it  denotes 
an  excess  of  energy  received,  represented  by  fiie  area  D  G  E  H ;  and 
for  B  0,  an  equal  excess  of  work  performed,  represented  by  the  equal 
area  EKFL     Let  those  equal  quantities  be  each  represented  by 
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A  K  Then  the  actual  energy  of  the  machine  attains  a  maximiim 
value  at  B,  and  a  minimum  value  at  A  and  C,  and  <A  E  is  the 
difference  of  those  valuea 

Now  let  v^  be  the  mean  velocity,  v,  the  greatest  velocity,  r,  tho 
least  velocity  of  the  driving  point,  and  2  •  n*  W  the  reduced  inertia 
of  the  machine  (see  Article  15);  then 

^ifi^  •  2  -nnV  =  A  E; (1.) 

which,  being  divided  by  the  Tiiean  actual  energy/ — 

^9 
gives 


.(2.) 


(3.) 


vl    ^  E,  ' 

and  observing  that  v^  =  (v^  +  v^  -^  2,  we  find 

Vi-Vq  _  ^'E gr  A  E 

"^"  ""  2E,""  ^2~^"^;i2w' 

a  ratio  which  may  be  called  the  co-efficient  qfJluctiuUion  of  speed  or 
of  unsteadiness. 

The  ratio  of  the  periodical  excess  and  deficiency  of  energy  A  E 

to  the  whole  energy  exerted  in  one  period  or  revolution,   ('2 da, 

has  been  determined  by  General  Morin  for  steam  engines  under 

various  circumstances,  and  found  to  be  from  ^n^  to  7  for  sincle 

10        4  ^^ 

cylinder  engines.  For  a  pair  of  engines  driving  the  same  shall, 
with  cranks  at  right  angles  to  each  other,  the  value  of  this  ratio  is 
about  one-fourth,  and  for  three  engines  with  cranks  at  120%  one- 
twelfth  of  its  value  for  single  cylinder  engines. 

The  following  table  of  the  ratio  aE  -i-  IT  ds  for  one  revolution 

of  steam  engines  of  different  kinds  is  extracted  and  condensed  from 
General  Morin*8  works : — 

NoK-EzPANsiYE  Engines. 
Length  of  connecting  rod 

Length  of  crank  =8654 


/ 


'Tda  =       -105         'iiS         -125 


•132 
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EzPAlfSIYE   COKDENSINO  EnOINE& 

Connecting  rod  =  crank  X  5. 

fraction  of   stroke    at)  L         1         L         I         L         1 

which  steam  is  cut  oflj  345678 

Al^  ^  JFds     =      -163     -173     -178     -184     -189     -191 

ExPAXsrvE  Non-Condensino  Engines. 

Steam  cut  off  at  —  —  -  — 

2345 

.^  E  -T-   ITds  =  *i6o       '1S6        -209        -232 

For  double  cylinder  expansive  engines,  the  value  of  the  ratio 
aE  •:•  ["Pels  may  be  taken  as  equal  to  that  for  single  cylinder 

non-expansive  engines. 

For  tools  workiTig  at  intervals,  such  as  punching,  slotting,  and 
plate-cutting  machines^  coining  presses,  &c.,  ^  E  is  nearly  equal  to 
ilie  whole  work  performed  at  each  operation. 

53.  Fir  w*eeu  (A.  M,y  690). — ^A  fly  wheel  is  a  wheel  with  a 
hcaTv  rim,  whose  great  moment  of  inertia  being  comprehended  in 
the  reduced  moment  of  inertia  of  a  machine,  reduces  the  co-efficient 

of  fluctuation  of  speed  to  a  certain  fixed  amount,  being  about  r^  for 

ordinary  machinery,  and  pt;  or  ^  for  machinery  for  fine  purposes. 

Let  —  be  the  intended  value  of  the  co-efficient  of  fluctuation  of 
m 

speed,  and  A  E,  as  before,  the  fluctuation  of  energy.     If  this  is  to 

^  provided  for  by  the  moment  of  inertia  I  of  the  fly  wheel  alone, 

let  o^  be  its  mean  angular  velocity;  then  equation  3  of  Article  52 

M  equivalent  to  the  following : — 

m"  all  ' ^'-^ 

j^m^AE  

the  Beoond  of  which  equations  gives  the  requisite  moment  of  inertia 
oftheflywheeL 

The  fluctuation  of  energy  may  arise  either  from  variations  in  the 
effort  exerted  by  the  prime  mover,  or  from  variations  in  the  resist- 
<LQce,  or  from  both  those  causes  combined     When  but  one  fly 
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wheel  is  used,  it  should  be  placed  in  as  direct  connection  as  posaibla 
with  that  part  of  the  mechanism  where  the  greatest  amount  of  the 
fluctuation  originates;  but  wb^n  it  originates  at  two  or  more  points, 
it  is  best  to  have  a  fly  wheel  in  connection  with  each  of  those  points. 

For  example,  let  there  be  a  steam  engine  which  drives  a  shafb 
that  traverses  a  workshop,  having  at  intervals  upon  it  pullejs  for 
driving  various  machine  tools.  The  steam  engine  should  have  a 
fly  wheel  of  its  own,  as  near  as  practicable  to  its  cranky  adapted  to 
that  value  of  a  E  which  is  due  to  the  fluctuations  of  the  efibrt 
applied  to  the  crank-pin  above  and  below  the  mean  value  of  that 
effort,  and  which  may  be  computed  by  the  aid  of  General  Morin*s 
tables,  quoted  in  Article  52 ;  and  each  machine  tool  should  also 
have  a  fly  wheel,  adapted  to  a  value  of  A  E  equal  to  the  whole 
work  performed  by  the  tool  at  one  operation. 

As  the  rim  of  a  fly  wheel  is  usually  heavy  in  comparison  with 
the  arms,  it  is  often  sufficiently  accurate  for  practical  purposes  to 
take  the  moment  of  inertia  as  simply  equal  to  the  weight  of  the 
rim  multiplied  by  the  square  of  the  mean  between  its  outside  and 
inside  radii,  a  calculation  which  may  be  expressed  thus : — 

I  =  Wr2; (3.) 

whence  the  weight  of  the  rim  is  given  by  the  formula — 

^  "     oSt^     ""      v"*     ' ^^'> 

if  t/  be  the  velocity  of  the  rim  of  the  fly  wheel. 

The  usual  mean  radius  of  the  fly  wheel  in  steam  engines  is  from 
three  to  Jive  times  the  length  of  the  crank. 

The  ordinary  values  of  the  product  mg,  the  unit  of  time  being 
the  second,  lie  between  1,000  and  2,000  feet 

The  fly  wheel  of  a  steam  engine  is  often  itself  a  pulley,  used  to 
transmit  motion  to  machinery  by  means  of  a  belt. 

Section  7. — O/EegiUators  and  Governors  in  General  (A»  2£.,  693). 

54.  The  Regniator  of  a  prime  mover  is  some  piece  of  apparatus 
by  which  the  rate  at  which  it  receives  energy  from  the  source  of 
energy  can  be  varied ;  such  as  the  sluice  or  valve  which  adjusts  the 
size  of  the  orifice  for  supplying  water  to  a  water  wheel,  the  appara- 
tus for  varying  the  surface  exposed  to  the  wind  by  wind-mill  sails, 
the  throttle  valve  which  adjusts  the  opening  of  the  steam  pipe  of  a 
steam  engine,  and  the  damper  which  controls  the  supply  of  air  to 
its  furnace.  In  prime  movers  whose  speed  and  power  have  to  be 
varied  at  will,  such  as  locomotive  engines,  and  winding  engines  for 
mines,  the  regulator  is  adjusted  by  hand. 
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55.  FcadaisHi  Ci«Tcni«n. — ^In  other  cases,  the  regulator  is  ad- 
justed by  means  of  a  self-acting  apparatus  called  a  governor. 

In  the  most  ordinaiy  governors,  the  principal  part  of  the 
apparatus  consists  of  a  pair  or  set  of  equal  and  similar  revolving 
pendulums  (see  Article  19)  turning  about  one  vertical  axis,  and 
driven  by  a  train  of  mechanism  which  causes  their  angular  velocity 
of  revolution  to  bear  a  fixed  ratio  to  the  velocity  of  the  prime 
moTer.  The  rods  of  the  pendulums  place  themselves  at  an  angle 
vith  the  vertical  axis,  such  that  the  common  Iieight  of  the  pendulums 
(BC,  fig.  7,  Article  19)  is  that  corresponding  to  the  number  of 
tarns  in  a  second,  as  given  by  equation  2  of  that  Article.  Conse- 
qaently,  in  a  given  governor,  the  cosine  of  that  angle,  BC  -f-  C  A> 
mm  inversely  as  the  square  root  of  the  speed.  The  regulator 
most  be  so  adjusted,  as  to  be  in  the  proper  position  for  supplying 
the  proper  amount  of  power  when  the  pendulum  rods  are  at  the 
sngle  of  inclination  corresponding  to  the  proper  speed  of  the 
machine.  When  the  speed  deviates  above  or  below  that  amoimty 
the  outward  or  inward  motion  of  the  pendulum  rods  acts  on  the 
regulator  so  as  to  open  it  when  the  speed  is  too  low,  and  close  it 
when  the  speed  is  too  high,  either  directly  through  levers  and 
linkwork,  as  in  Watt's  steam  engine  governor,  or  by  throwing  into 
gearing  with  a  revolving  bevel  wheel,  one  or  other  of  a  pair  of 
bevel  wheels  which  move  the  regulator  opposite  ways,  as  in  water 
▼heel  governors,  or  by  means  of  epicyclic  gearing  moving  the 
regulator  in  a  direction  and  with  a  velocity  depending  on  the 
difference  between  the  velocity  of  a  wheel  driven  with  a  speed 
varying  with  that  of  the  engine,  and  a  wheel  rotating  with  a  con- 
stant speed  along  with  the  set  of  pendulums,  as  in  Mr.  Siemens's 
governor. 

56.  Balanced  Ctorenian. — Mr.  Silver's  governor  consists  of  a 
pail  of  rotating  pendulums,  each  suspended  by  its  centre  of  gi-avity 
^m  their  common  axis,  to  which  a  pair  of  springs  tend  to  place 
them  parallel.  When  made  to  rotate,  the  pendulums  diverge  from 
the  axis  until  the  centrifugal  couple  of  each  (Article  22)  balances 
the  statical  moment  of  the  force  exerted  by  the  spring.  This 
governor  is  useful  for  marine  engines,  because  of  its  action  being 
independent  of  the  direction  of  its  axis,  and  of  the  force  of  gravity. 

51,  Faa  Oercnienu — ^Mr.  Hick,  Mr.  G.  H.  Smith,  and  others, 
have  invented  governors  in  which  the  greater  or  less  resistance  of 
air  or  of  some  liquid  to  the  motion  of  a  fan  driven  by  the  prime 
ittover,  causes  the  adjustment  of  the  opening  of  the  regulator. 

The  details  of  regulators  and  governors  vary  so  much  with  the 
land  of  prime  mover  to  which  they  are  applied,  that  they  can  be 
described  in  connection  with  special  prime  moversonly.  (Seep.  551.) 
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Section  8. — Summary  of  the  Principles  of  the  Strength  ofMiiM,ne$. 

58.   Natare    and    I^ItIsImi   of  lh«   Sabjecl.     {A,    M.,   244). ^Tho 

present  section  contains  a  very  brief  summary  of  the  application  of 
the  principles  of  the  strength  of  materials  to  the  most  simple  ques- 
tions which  arise  in  designing  machines.  The  rules  are  given 
without  demonstration,  in  as  small  compass  as  possible,  in  order  to 
save  the  necessity  of  referring,  in  ordinaiy  cases,  to  more  bulky 
treatises;  and  are  almost  all  abstracted  and  abridged  from  a  treatise 
on  Applied  Mechanics^  Part  II.,  Chapter  III. 

The  load,  or  combination  of  external  forces,  which  is  applied  to 
any  piece,  moving  or  fixed,  in  a  machine,  produces  stress  amongst 
the  particles  cf  that  piece,  being  the  combination  of  forces  which 
they  exert  in  resisting  the  tendency  of  the  load  to  disfigure  and 
break  the  piece,  which  is  accompanied  by  strain,  or  alteration  of 
the  volumes  and  figures  of  the  whole  piece,  and  of  each  of  its  par- 
ticles. If  the  load  is  continually  increased,  it  at  length  produces 
cither yroc^i/r^,  or  (if  the  material  is  very  tough  and  ductile)  such  a 
disfigurement  of  the  piece  as  is  practically  equivalent  to  fracture^  by 
rendering  the  piece  useless. 

The  viuaiaie  sircagth  of  a  body  is  the  load  requii*ed  to  produce 
fracture  in  some  specified  way.  The  Pro«f  8ireM«th  is  the  load 
required  to  produce  the  greatest  strain  of  a  specific  kind  consistent 
with  safety;  that  is,  with  the  retention  of  the  strength  of  the 
material  unimpaired.  A  load  exceeding  the  proof  strength  of  the 
body,  although  it  may  not  produce  instant  fracture,  produces 
fracture  eventually  by  long-continued  application  and  frequent 
repetition. 

The  Working  ijoad  on  cach  piece  of  a  machine  is  made  less  than 
the  proof  strength  in  a  certain  ratio  determined  by  practical 
experience,  in  order  to  provide  for  unforeseen  contingencies. 

Each  solid  has  as  many  difierent  kinds  of  strength  as  there  are 
difierent  ways  in  which  it  can  be  strained  or  broken,  as  shown  in 
the  following  classification  : — 

Strain.  Fractnra. 

T       -x  J-     1  (Extension     Tearing. 

LougitudnuU I  Compression Crushing; 

(  Distortion    Shearing. 

Transverse <  Twisting      Wrenching. 

(  Bending       Breaking  across. 

bM,  Facton  of  Safctr- — A  factor  of  safety  is  the  ratio  in  which 
the  load  that  is  just  suflScient  to  overcome  instantly  the  strength 
of  a  piece  of  material  is  greater  than  the  gi-eatest  safe  ordinary 
working  load. 
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Tlic  following  table  gives  examples  of  the  values  of  those  factors 
which  occur  in  machines  :— 

Dead  L*  re  load,  LWeload, 

load.  Greateat  Mean. 

Iron  and  steel, 3  6  from  6 1040- 

Timber, 4  to  5         8  to  10 

Masonry, 4  8 

The  great  factor  of  safety,  40,  is  for  shafts  in  miUwork  which 
tzansmit  very  variable  efforts. 

Almost  all  the  experiments  hitherto  made  on  the  strength  of 
materials  give  the  ultimate  strengUi  only.  In  using  those  data  for 
the  designing  of  structures  and  machines,  the  most  convenient  pro- 
cess of  calculation  is  to  multiply  the  intended  toorking  load  of  a 
piece  by  the  proper  factor,  so  as  to  find  the  breaking  load,  and  to 
make  tiie  ultimate  strength  of  the  piece  equal  to  that  breaking  load. 

60.  The  iPr—t  or  Tcsuag  by  experiment  of  the  strengdi  of  a 
piece  of  material  is  to  be  conducted  in  two  different  ways,  accord- 
ing to  the  object  in  view. 

L  If  the  piece  is  to  be  qfteruxxrds  used,  the  testing  load  must  be 
BO  limited  tiiat  there  shall  be  no  possibility  of  its  impairing  the 
strength  of  the  piece;  that  is,  it  must  not  exceed  the  proof  atrengtli, 
being  from  one-third  to  one-half  of  the  ultimate  strength.  About 
double  of  the  working  load  is  in  general  sufficient.  Care  should 
be  taken  to  avoid  vibrations  and  shocks  when  the  testing  load 
approaches  near  to  the  proof  strengtL 

II.  If  the  piece  is  to  be  sacrific^  for  the  sake  of  ascertaining  the 
strength  of  the  material,  the  load  is  to  be  increased  by  degrees 
until  the  piece  breaks,  care  being  taken,  especially  when  the  break- 
ing point  is  approached,  to  increase  the  load  by  small  quantities  at 
a  time,  so  as  to  get  a  sufficiently  precise  result 

The  proo/ strength  requires  much  more  time  and  trouble  for  its 
determination  than  the  ultimate  strength.  One  mode  of  approxi- 
mating to  the  proof  strength  of  a  piece  is  to  apply  a  moderate  load 
and  remove  it,  apply  the  same  load  again  and  remove  it,  two  or 
three  times  in  succession,  observing  at  each  time  of  application  of 
the  load,  the  strain  or  alteration  of  figure  of  the  piece  when  loaded, 
hy  stretching,  compression,  bending,  distortion,  or  twisting,  as  the 
ca.%  may  be.  If  that  alteration  does  not  sensibly  ina^ease  by  re- 
peated applications  of  the  .<«ame  load,  the  load  is  within  the  limit 
of  proof  strength.  The  effects  of  a  greater  and  a  greater  load  being 
EDccessiveij  tested  in  the  same  way,  a  load  will  at  length  bo 
readied  whose  snocessive  applications  produce  increasing  disfigure- 
Dents  of  the  piece;  and  this  load  will  be  greater  than  the  proof 

F 
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rtrength,  whicli  will  lie  between  the  last  load  and  the  last  load  but 
one  in  the  series  of  experiments.   • 

It  was  formerly  supposed  that  the  production  of  a  set,  that  is,  a 
disfigurement  which  continues  after  the  removal  of  the  load,  i^as  a 
test  of  the  proof  strength  being  exceeded;  but  Mr.  Hodgkiniion 
showed  that  supposition  to  be  erroneous,  by  proving  that  in 
most  materials  a  set  is  produced  by  almost  any  load,  how  small 
soever. 

The  strength  of  bars  and  beams  to  resist  breaking  across,  and  of 
axles  to  resist  twisting,  can  be  tested  by  the  application  of  known 
weights  either  directly  or  through  a  lever. 

To  test  the  tenacity  of  rods,  chains,  and  ropes,  and  the  resist- 
ance of  pillars  to  crushing,  more  powerful  and  complex  mechanism 
is  required.  The  apparatus  most  commonly  employed  is  the 
hydraulic  press.  In  computing  the  stress  which  it  produces,  no 
reliance  ought  to  be  placed  on  the  load  on  the  safety  valve,  or  on 
a  weight  huug  to  the  pump  handle,  as  indicating  the  intensity  of 
the  pressure,  which  should  be  ascertained  by  means  of  a  pressure 
gauge.  This  remark  applies  also  to  the  proving  of  boilers  by 
water  pressure.  From  experiments  by  Messrs.  Hick  and  LUthy  it 
appears  that,  in  calculating  the  stress  produced  on  a  bar  by  means 
of  a  hydraulic  press,  the  friction  of  the  collar  may  be  allowed  for 
by  deducting  a  force  equivalent  to  the  pressure  of  the  water  upon 
an  area  of  a  length  equal  to  the  circumference  of  the  collar,  and 
one*eightieth  of  an  inch  broad 

The  measurement  of  tension  and  compression  by  means  of  the 
hydraulic  press  is  but  a  rough  approximation  at  the  best  It  may 
be  sufficient  for  an  immediate  practical  purpose ;  but  for  the  exact 
determination  of  general  laws,  although  the  load  may  be  applied 
at  one  end  of  the  piece  to  be  tested  by  means  of  a  hydraulic  press, 
it  ought  to  be  resisted  and  measured  at  the  other  end  by  means  of 
a  combination  of  levers  such  as  that  used  at  Woolwich  Dockyard, 
and  described  by  Mr.  Barlow.  , 

61.  Temicitr  (A.  3f,,  265,  268,  269).— The  ultimate  strength 
or  breaking  load  of  a  bar  exposed  to  direct  and  uniform  tension  is 
the  product  of  the  area  of  cross-section  of  the  bar  into  the  tenacity 
of  the  material     Therefore,  let  ' 

P  denote  the  breaking  load,  in  pounds ; 

S  the  area  of  section,  in  square  inches  -,  I 

/the  tenacity,  in  pounds  on  the  square  inch;  then  I 

P=/S;    S=| (1.) 

The  following  are  some  of  the  most  useful  values  of  the  tenacity  , 
of  materials  used  in  machineiy,  in  Iba  on  the  square  inch : — 
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Metals. 

Bronse  or  gun  metal  (copper  8,  tin  i), 36^000 

Copper,  cast^ 19,000 

,j      aheet^ 30,000 

,,       bolts, 36,000 

„       wire, 60,000 

Iron,  cast,  various  qualities, 1 3,400  to  29,000 

„       ^,     average  British, about  16,500 

lion,  malleable:  boilerplates, 51,000 

„  ^,  bars,  rods,  and  bolts,... 60,000  to  70,000 

„  „  leire, 70,000  to  100,000 

Steel, 100,000  to  130,000 

Timber. 

Ash, 17,000 

Fir  and  pine, ia,ooo  to  14,000 

Oak, 10,000  to  19,800 

Teak,  Indian, 15,000 

Miscellaneous. 

Hempen  cables, 5,6oo 

Iron  wire  ropes,  per  square  mch  of  iron, 90,000 

j»  «      per  povmd  weight  to  the  fathom^ 4*480 

Leathern  belts,  vxyrking  tensum^ 285 

62.  GyUaArical  B«Ucrs  sad  Pipca. — Let  T  denote  the  radius  of  o 
tMn  hollow  cylinder,  such  as  the  shell  of  a  high  pressure  boiler ; 

( the  thickness  of  the  shell ; 

/the  tenacity  of  the  material,  in  pounds  per  square  inch ; 

V  the  intensity  of  the  pressure,  in  pounds  per  square  inch,  re- 
quired to  burst  the  shell  This  ought  to  be  taken  at  six  times  the 
effective  working  pressure— ^^ec^tt?^  pressure  meaning  the  excess  of 
^e  pressure  from  within  above  the  pressure  from  without,  which 
]^  is  usually  the  atmospheric  pressure,  of  14*7  lb&  on  the  square 
ttch  or  thereabouts. 

Then 

,.=•? (1.) 

uid  the  proper  proportion  of  thickness  to  radius  is  given  by  the 
^mula 

;-| « 
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The  tenacity  of  good  wrought  iron  boiler  plates  has  been  stated 
as  51,000  lbs.  per  square  inch.  That  of  a  double  rivetted  joiut, 
per  sqtiare  inch  of  the  iron  left  between  Hie  rivet  holes,  is  the  same  ; 
that  of  a  single  rivetted  joint  somewhat  less,  as  the  tension  is  not 
uniformly  distributed.  It  is  convenient  in  practice  to  state  the 
tenacity  of  rivetted  joints  in  lbs.  per  sqtuire  inch  oftJis  enMre  plate; 
and  it  is  so  stated  in  the  annexed  table,  in  which  the  results  for 
rivetted  joints  are  from  the  experiments  of  Mr.  Fairbaimy  and 
that  for  a  welded  joint  from  an  experiment  by  Mr.  Dunn.  The 
joints  of  plate  iron  boilers  are  single  rivetted ;  but  from  the  man- 
ner in  which  the  plates  break  joint,  analogous  to  the  bond  in 
masonry,  the  tenacity  of  such  boilers  is  considered  to  appiY>ach 
more  nearly  to  that  of  a  double  rivetted  joint  than  that  of  a  single 
rivetted  joint 

"Wrought  iron  plate  joints,  double  rivetted,  the  dia- 
meter of  each  hole  being  -^^  of  the  distaiice  from 

centre  to  centre  of  holes, 35>7oo 

Wrought  iron  plate  j  oints,  single  rivetted, 2 8,600 

Wrought  iron  boiler  shells,  with  single  rivetted  joints 

properly  crossed, 34}Ooo 

Wrought  iron  retort,  with  a  welded  joint, 3o>7  5© 

Cast   iron   boilers,   cylinders^    and   pipes   (average 

British  iron), «.  16,500 

63.  SpiicHcai  Shells,  such  as  the  ends  of  '^  egg-ended*'  cylindrical 
boilers,  the  tops  of  steam  domes,  <S:c.,  are  twice  as  strong  as  cylin- 
drical shells  of  the  same  radius  and  thickness. 

Suppose  a  shell  of  the  figure  of  a  segment  of  a  sphere  to  have  a 
circular  flange  round  its  base,  through  which  it  is  bolted  to  a  flange 
upon  a  cylindrical  shell,  or  upon  another  spherical  shell. 

Let  r  denote  the  radius  of  the  sphere,  in  inches ; 

9^,  the  radius  of  the  circular  base  of  the  segmental  shell,  in  inches  ; 

Py  the  bursting  pressure,  in  lbs.  on  the  square  inch ; 
then  the  number  and  dimensions  of  the  bolts  by  which  the  flange 
is  held  should  be  such,  that  the  load  required  to  tear  them  asunder 
all  at  once  shall  be 

ZUlQr'^p; (1.) 

and  the  flange  itself  should  require,  in  order  to  crush  it,  the  follow* 
ing  thrust  in  the  direction  of  a  tangent  to  it : — 

^  P  /  •  JW^^^ (2.) 

If  the  segment  is  a  complete  hemisphere,  f^  =  ^1  ^^^  ^^  1^^ 
expression  becomes  =  0. 
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Resistance  to  a  crashing  force  will  be  considered  farther  on. 

64.    Thick  n«u«w  criiader  {A,  Jf.,  273). — The  assumption  that 
tie  tension  in  a  hollow  cylinder  is  uniformly 
(iistributed  throughout  the  thickness  of  the  shell 
is  approximately  true  only  when  the  thickness 
is  small  as  compared  with  the  radius. 

I^  JR  represent  the  external  and  r  the  in- 
ternal radius  of  a  thick  hollow  cylinder,  such  as 
&  Bydiaulic  press,  the  tenacity  of  whose  material 
is/,  and  whose  bursting  pressure  is  p.    Then  we  Yig.  20. 

mast  have 

^'"^   "^  .(1.) 


and,  oonsequentljy 


-r-vm^ w 


by  means  of  which  formula,  when  r,/,  and  p  are  given,  R  may  be 
computed. 

65.  Thick  Bioii«w  nphare  {A.  if.,  275). — In  this  case,  using 
the  same  symbols  as  in  the  last  Article,  the  following  formulsB  give 
the  ratios  of  the  burstmg  pressure  to  the  tenacity,  and  of  the 
external  to  the  internal  radius  : — 

p  _  2  R8  -  2  7-8 

7"    Il3+2r8   ' ^^'' 


7-</  &T^) (^O 


2/-P 

66.  B«ller  muty  {A,  M.,  276).— The  sides  of  locomotive  fire- 
boxes, the  ends  of  cylindrical  boilers,  and  the  sides  of  boilers  of 
irregular  figures  like  those  of  marine  steam  engines,  are  often  made 
of  flat  plates,  which  are  fitted  to  resist  the  pressure  r — i 

from  within  by  being  connected  together  across  the     ^     ^     o  \^oa\ 
▼ater-space  or  steam-space  between  them  by  tie-     o     o     o     o 
bars,  called  stays  when  long,  bolts  when  short. 
For  example,  fig.  21  represents  part  of  the  flat  side     ©     ^     «     ^ 
of  a  locomotive  fire-box,  and  shows  the  arrange-     o     o     o    o 
ment  of  the  bolts  by  which  it  is  tied  to  the  fiat         pig.  21. 
plate  at  the  other  side  of  the  water-space. 

Each  of  these  bolts  or  stays  sustains  the  pressure  of  the  steam 
agaiiut  a  certain  area  of  the  plate  to  which  it  is  attached.  Thus, 
in  fig.  21,  the  bolt  a  resists  the  pressure  of  the  steam  on  the  square 
area  which  surrounds  it,  and  whose  side  is  equal  to  the  distance 
from  centre  to  centre  of  the  boltSi 
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Let  a  be  the  sectional  area  of  a  stay;  A,  ihat  of  the  |)ortion  of 
flat  plate  which  it  holds ;  p,  the  bmstiiig  pressure,  and/ the  tenacity 
of  the  material  of  the  stay.     Then 

Experience  has  shown,  that  the  plate,  if  its  material  is  as  strong 
as  that  of  the  stay,  should  have  its  thickness  equal  to  hcUf  the 
diameter  of  the  stay.  If  the  plate  be  of  a  weaker  material  than  the 
stay,  its  thickness  should  be  proportionally  increased 

The  flat  ends  of  cylindrical  boilers  are  sometimes  stayed  to  th< 
cylindrical  sides  by  means  of  triangular  plates  of  iron  called  *^  gus- 
sets." These  plates  are  placed  in  planes  radiating  from  the  axis  of 
the  boiler,  and  have  one  edge  fixed  to  the  flat  end,  and  the  other 
to  the  cylindrical  body.  Each  gusset  sustains  the  pressure  of  the 
steam  against  a  sector  of  the  flat  circular  end.  Considering  that 
the  resultant  tension  of  a  gusset  must  be  concentrated  near  one 
edge,  it  appears  advisable  that  its  sectional  area  should  be  three  or 
four  times  that  of  a  stay  bar  suited  .for  sustaining  the  pressure  on 
the  same  are& 

The  best  experimental  data  respecting  the  strength  of  boilers  are 
due  to  the  researches  of  Mr.  Fairbaim,  especially  those  recorded  in 
his  work  called  Useful  Informaiion  for  Engineers. 

67.  CyllMdricai  fihcs.^ — ^When  a  thin  hollow  cylinder,  such  as  an 
internal  boiler  flue,  is  pressed  from  without,  it  gives  way  by 
collapsing,  under  a  pressure  whose  intensity  has  been  found  by 
Mr.  Fairbaim  {Philos.  Trcms.,  1858)  to  vary  nearly  according  to 
the  following  laws : — 

Inversely  as  the  length ; 

Inversely  as  the  diameter ; 

Inversely  as  a  function  of  the  thickness,  which  is  very  nearly 
the  power  whose  index  is  2-19;  but  which  for  ordinaiy  practiced 
purposes  may  be  treated  as  sensibly  equal  to  the  sqiuxre  of  the 
thickness. 

The  following  formula  gives  approximately  the  collapsing  pressure 
jE>,  in  lbs.  on  the  square  inch,  of  a  plate  iron  flue,  whose  length  l, 
diameter  d,  and  thickness  t,  are  all  expressed  in  the  same  uniis  of 
mecLSure : — 

p  =  9,672,000  f^ (1.) 

Lot  t  and  d  be  expressed  in  inohes,  and  let  L  be  the  length  in 
feet;  the  above  formula  becomes 

p  =  806,000^ (2.) 
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As  the  resistance  of  flues  to  collapse  depends  very  much  on  their 
being  exactly  cylindrical,  Mr.  Fairbaim  recommends  that  they 
shoidd  be  made,  not  with  lap  joints,  like  boiler  shells,  but  with 
butt  joints  and  covenng  strips. 

^Ir.  Fairbaim  having  strengthened  tubes  by  rivetting  round 
Hhem  rings  of  T-iron,  or  angle  iron,  at  equal  distances  apaa-t,  finds 
that  their  strength  is  that  corresponding  to  the  length  from  ring  to 
ring.  Safety  requires  that  the  collapsing  pressure  of  a  flue  should 
be  the  same  with  the  bursting  pressure  of  the  boiler  shell  in  which 
it  is  contained;  and  for  other  reasons  it  is  desirable  that  the  plates 
of  the  flue  should  be  of  the  same  thickness  with  those  of  the  shell. 
The  thickness  of  the  shell  having  been  adapted  to  a  given  bursting 
pressure  by  the  formula  of  Article  62,  and  the  same  thickness  having 
been  assumed  for  the  flue,  its  collapsing  pressure  is  to  be  computed 
by  the  formulse  1  or  2  of  this  Article,  putting  for  Z  or  L  the  whole 
length  of  the  boiler.  Should  the  collapsing  pressure  so  calculated 
prove  less  than  the  bursting  pressure  of  tihe  shell,  let  n  be  either 
the  ratio 

bursting  pressure 
collapsing  pressure' 

if  that  is  a  whole  number,  or  the  nearest  whole  number  exceeding 
that  ratio,  if  it  is  fractional;  then  n  —  I  rings  are  to  be  rivetted 
round  the  flue,  so  as  to  divide  its  length  into  n  equal  divisions; 
when  it  will  become  as  nearly  as  possible  of  the  same  strength  with 
theshelL 

68.  EiUpUcai  Viae*. — Mr.  Fairbaim  finds  that  the  collapsing 
pressure  of  a  "flue  of  an  elliptic  form  of  cross-section  is  found 
approximately  by  substituting  in  the  formuls  of  the  preceding 
Article,  for  d,  the  diameter  of  the  oscidating  circle  at  the  flattest 
part  of  the  ellipse ;  that  is,  let  a  be  the  greater,  and  b  the  less 
mni^axis  of  the  ellipse;  then  we  are  to  make 

,      2a2 

69.  Slicarliic  F«rce  •£  Keys,  PIm,    ll«ltt*  Rlvetit  ase*    (A.  M,, 

280). — ^In  machines,  cases  occur  in  which  the  principal  pieces,  such 
as  plates,  links,  or  bars,  being  themselves  subjected  to  a  direct 
pxdl,  are  connected  with  each  other  at  their  joints  by  fietstenings, 
such  as  rivets,  bolts,  pins,  screws,  cotters,  or  keys,  which  are  under 
the  action  of  a  shearing  force.  It  is  in  every  such  case  important, 
that  the  pieces  connected  and  their  fastenings  should  be  of  equal 
strength. 

Let /denote  the  resistance  per  square  inch  of  the  material  of  the 
pnncipal  pieces  to  tearing;  S,  the  total  sectional  area,  whether  of 
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ODO  piece  or  of  two  or  more  parallel  pieces,  which  must  be  torn 
asunder  in  order  that  the  structure  may  be  destroyed;  f^  the 
resistance  per  square  inch  of  the  matenal  of  the  fastenings  to 
shearing;  S',  the  total  sectional  area  of  fastenings  at  one  joint, 
which  must  be  sheared  across  in  order  that  the  connection  may  be 
destroyed  ;  then  the  principal  pieces  and  their  £Eistenings  ought  to 
be  so  proportioned,  that 


/S  =/  S';  or  I'  =  L. (1.) 


For  wrought  iron  rivetted  plates,  taking  the  value  of/'  as  deter^ 
mined  by  the  experiments  of  Mr.  Doyne,  we  have 


;^=  Inearly,  and.-.  S'  =  S (2.) 


When  a  ^stening  is  not  tightly  jammed  in  its  hole,  its  area  must 
be  increased  in  the  following  proportion,  to  allow  for  unequal  distribu^ 
tion  of  stress : — 

Square  fastenings,  1^;  round,  1^. 

The  following  are  the  resistances  of  some  materials  to  shearing, 
in  pounds  on  the  square  inch  : — 

Cast  iron, 27,700  * 

Wrought  iron, 50,000 

Fir  and  pine, 500  to  800 

Oak, 2,300 

70.  BMlMsBce  \m  Direct  erwMm%  {A.  M,,  282-4.  286). — The 
formulae  of  this  Article  have  reference  to  direct  cnishing  only,  and 
are  limited  in  their  application  to  those  cases  in  which  the  pillars, 
blocks,  struts,  or  rods,  along  which  the  pressure  acts  are  not  so 
long  in  proportion  to  their  diameter  as  to  have  a  sensible  tendency 
to  give  way  by  bending  sideways.     Those  cases  comprehend — 

Stone  and  brick  pillars  and  blocks  of  ordinary  proportions ; 

Pillars,  rods,  and  struts  of  cast  iron,  in  which  the  length  is  not 
more  than  five  times  the  diameter,  approximately ; 

Pillars,  rods,  and  struts  of  wrought  iron,  in  which  the  length  is 
not  more  than  ten  times  the  diameter,  approximately; 

Pillars,  rods,  and  struts  of  dry  timber,  in  which  the  length  is  not 
more  than  about  twenty  times  &e  diameter. 

Let  P  denote  the  crushing  load  of  the  piece ; 

S  the  area  of  its  trauverse  section  in  square  inches  ; 

y  the  resistance  of  the  material  to  crushing,  in  lbs.  on  the  square 
inch;  then  p 
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Materials.  i;nidiing  i 

io  lbs.  on  the  square  inch. 

Brick,  red, 550  to  1,100 

Fire  brick, i>7oo 

Granite, 5,5oo  to  11,000 

Limestone, 4,000  to  4^500 

Sandstone, 2,200  to  5,500 

Bubble  masonry, tV  of  cut  stone. 

Cast  brass, 10,300 

Cast  iron, 82,000  to  145,000 

„      „     average, 112,000 

Wrought  iron, about  36,000  to  40,000 

Ash  (dry,  along  the  grain), 9,000 

Oak,  ehn,      „  „         10,000 

Fir,  pine,       „  „         5,400  to  6,200 

Teak,  Indian,  „         12,000 

The  resistance  of  timber  to  crushing,  while  green,  is  about  one- 
Half  of  its  resistance  after  having  been  dried. 

71.  BcslalaBee  •€  Iroa  Bods  sad  Pillars  f  CranlilaC  by  Beadlns 

{A.  M,,  327—335). — Pillara  and  struts  whose  lengths  exceed  their 
diameters  in  considerable  proportions  (as  is  almost  always  the  case 
^th  those  of  timber  and  metal),  give  way,  not  by  direct  crushing, 
but  hy  bending  sideways  and  breaking  across — ^being  crushed  at 
one  side  and  torn  asunder  at  the  other. 

Let  P  be  the  crushing  load  of  a  long  rod  or  pillar,  in  lbs.  ; 

S  the  sectional  area  of  material  in  it,  in  square  inches ; 

Uts  length,  I  both  in  the  same  units  of  measure. 

A,  its  least  external  diameter,  j 
Then,  approximately — 

^=-^ (1) 

The  following  are  the  values  of/ and  a,  as  computed  from  ex- 
periments on  pUlars  fixed  at  both  ends,  by  having  flat  capitals 
^d  bases: — 

y,  lbs.  per  inch.  a. 

Wrought  iron  (round  rods), 36,000 

Cast  iron  (hollow  pillars), 80,000 — 

oOO 

A  pillar  or  rod  rounded  or  jointed  at  both  ends  is  as  flexible 
u  a  pillar  of  the  same  diameter,  fixed  at  both  ends,  and  of  double 
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the  length,  and  its  strength  is  nearly  the  same.  Hence,  for  sac 
pillars — 

P  =  -^. (2.) 

In  the  case  of  a  pillar  fixed  at  one  end  and  jointed  at  the  othe 
for  the  multiplier  4  in  the  denominator  of  the  above  formula 

substitute  -tt-. 
y 

In  using  the  formulie,  the  ratio  r-  is  generally  fixed  beforeliand 

to  a  degree  of  approximation  sufficient  for  the  purposes  of  the  cal 
culation. 

CoNNEcmNa  BODS  of  dovhle  cubing  steam  engines  are  to  be  con 
sidered  as  in  the  condition  of  pillars  rounded  at  both  ends;  pistoj 
BODS,  as  in  the  condition  of  pillars  fixed  at  one  €nd  and  rounded  at 
the  other. 

The  piston  rods  of  single  acting  steam  engines  are  exposed  tc 
tension  only. 

In  wrought  iron  framework  and  machinery,  the  bars  which  act 
as  struts,  in  order  that  they  may  have  sufficient  sti&ess,  are  made 
of  various  forms  in  cix)ss-section,  well  known  as  "angle  iron," 
"channel  iron,"  "  T-iron,"  "  double  T-iron,"  <kc.  In  each  of  these 
forms,  the  quantity  represented  by  h'^  in  equation  1  is  to  be  made 
equal  to  16  times  the  square  of  the  least  radius  of  gyration  of  the 
cross-section. 

Wrought  iron  cells  are  rectangular  tubes  (generally  square) 
nsually  composed  of  four  plate  iron  sides,  rivetted  to  angle  iron 
bars  at  the  comers.  The  uUimcUe  resistance  of  a  single  square  cell 
to  crushing  by  the  buckling  or  bending  of  its  sides,  when  the  thick- 
ness of  the  plates  is  not  less  than  {me-thirtieth  of  the  diameter  of  the 
cell,  as  determined  by  Mr.  Fairbaim  and  Mr.  Hodgkinson,  ia 

27,000  lbs.  per  square  inch  section  of  iron; 

but  when  a  number  of  cells  exist  side  by  side,  their  stiffness  is 
increased,  and  their  idtimate  resistance  to  a  thrust  may  be  taken  at 

33,000  to  36,000  lbs.  per  square  inch  section  of  iron« 

The  latter  co-efficients  apply  also  to  cylindrical  cells. 

72.  •crcMglli  •€  Timber  Posto,  Sirato,  and  €«MBectlii|r  Bod*. — ^The 

following  formula  is  given  on  the  authority  of  Mr.  Hodgkinson's 
experiments,  for  the  ultimate  resistance  of  posts  of  oak  and  red  pine 
to  crushing  by  bending : — 
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P  =  aJs; (1.) 

S being  the  sectional  area  in  square  inches,  hilthe  ratio  of  the 
least  diameter  to  the  length,  and  A  =  3,000,000  lb&  per  square 
inch 

The  fctctor  of  safety  for  the  working  load  of  timber  is  10. 

For  square  posts  and  struts,  the  formula  becomes 

^=^r^ (2.) 

If  the  strength  of  a  timber  post  be  computed  both  by  this  for- 
mula and  by  the  formula  for  direct  crushing,  viz. : — 

P=/S, (3.) 

the  lesser  value  should  be  adopted  as  the  true  strength. 

Timber  connecting  rods  for  steam  engines,  being  in  the  condition 
of  piUars  jointed  at  both  ends,  are  of  the  same  strength  with  Jixed 
fUlars  of  double  the  length, 

73.  Besfaiance  f  €roM  Breakiag. — The  formukd  of  this  Article 
are  applicable  not  only  to  beams  for  supporting  weights,  but  to 
levers,  cross-heads,  cross-tails,  axles,  journals,  cranks,  and  all  pieces 
in  machinery  or  fi:^amework  to  which  forces  ai*e  applied  tending  to 
break  them  across 

The  tendency  of  a  force  to  bend  or  break  a  beam  is  called  the 
mmnent  qfjlexu/re.  It  is  the  product  of  the  magnitude  of  the  force 
into  its  leverage — ^that  is,  into  the  perpendicular  distance  from  the 
line  of  action  of  the  force  to  the  place  where  the  beam  will  soonest 
give  way. 

When  the  load  is  distributed  over  a'  finite  length  of  the  beam, 
tiie  leverage  of  its  resultant  is  to  be  taken. 

The  place  where  the  beam  will  soonest  give  way  is — 

In  a  beam  fixed  at  one  end  and  iree  at  the  other,  the  boundaiy 
between  the  fixed  and  free  parts , 

In  a  beam  supported  at  both  ends  and  loaded  at  any  intermedi- 
ate point,  or  supported  at  any  intermediate  point  and  loaded  at  the 
ends,  the  intermediate  point; 

In  a  beam  supported  at  both  ends,  with  an  uniformly  distributed 
load,  the  middle  of  the  beam* 

The  magnitude  of  the  load  is  most  ccmveniently  expressed  in 
fowids,  and  the  leverage  in  inches;  so  that  the  Tnoment  offiexure 
may  be  said  to  be  expressed  in  inch-pounds. 

In  the  following  formulae,  W  denotes  the  total  load,  in  pounds; 

c,  in  beams  fixed  at  one  end  and  free  at  the  other,  the  length  of 
^fre»  part,  in  inches  ; 
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c,  in  beams  either  loaded  or  supported  at  both  ends,  the  A^z^ 
span,  between  the  extreme  points  of  load  or  support  and  the  middlei 
in  inches ; 

M,  the  moment  of  flexure  in  inch-pounds. 


For  beams  - 


flxed  at  one  end  and  loaded  ) 
at  the  other, j 

fixed  at  one  end  and  nni 
formly  loaded, , 


M  =  cW (1.) 


::}   •'-°-? 


(2.) 


supported  at  both  ends  and  ^ 
loaded  at  an  intermediate 
point,  whose  distance  from 
the  middle  of  the  beam  is  x, 


M: 


2  c       '"^^'^ 


cW 


supported  at  both  ends  and  )  /a,— o^  •  M 

loaded  in  the  middle, j  V-^-^;^  ^-  2 

supported  at  both  ends  and  ) 
uniformly  loaded, J 


4 


(4.) 
,(5.) 


If  W  be  the  intended  breaking  load  of  the  piece,  found  by  mul- 
tiplying the  working  load  by  a  proper  factor  of  safety,  M  will  be 
the  momerU  of  rupture,  to  which  the  resistance  to  rupture  at  the 
place  where  the  tendency  to  break  is  greatest  must  be  made  equal 

That  resistance  is  given  by  the  formula — 

M  =  «/6/t2 (6.) 

in  which 

6  denotes  the  extreme  breadth  of  the  piece,  in  inches; 

h  its  extreme  depth,  in  inches; 

/  a  factor  depending  on  the  material,  called  the  modulus  of  rup- 
ture, in  pounds  on  the  square  inch ; 

n  a  factor  depending  on  the  figure  of  the  cross-section. 

M  having  been  computed  from  the  breaking  load  and  its  lever- 
age, and  /and  n  being  known,  the  scantling  or  transvei'se  dimen- 
sions of  the  beam  are  to  be  such  that 


nf 


.(7.) 


It  is  obvious  that  the  breadth  and  depth  may  be  varied,  and  still 
give  the  product  6  J^  the  same  value ;  but  there  are  limits  to  that 
variation  founded  on  considerations  of  stifiness  and  stability,  which 
make  it  desirable  that  in  most  cases  h  should  range  between  one* 
twelfth  and  one-sixteenth  of  the  span,  unless  there  be  special 
reasons  to  the  contrary. 
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The  following  table  gives  examples  of  the  values  of  the  factor  n 
fcr  some  of  the  more  usual  forms  of  cross-section : — 

L  Rectangle  b  h  (including  square), g« 

n.  EUipse,  vertical  axis  A,  horizontal  axis  b,}^     1     -- 0-0982. 
(including  circle,  for  which  b  =  h,) )   lO'J 

UL  Hollow  rectangle,  5/*  — 5' A';  also  I-formedj     -^  6'7t''\ 

section,    where   6'  is    the   sum  of    the  >    -   (I-tt^)' 
breadths  of  the  lateml  hollows, j  ^  ^ 

I\'.  Hollow  square,  A2-7*'2 ^    V'^W' 

1/6'  A'SX 
V  Hollow  ellipse, j^  [l  —^). 

U  Hollow  circle, ^^  (lJ^,y 


MoDiTLus  OP  Rupture,  in  Lbs.  on  the  Squabe  Inch. 

/ 

Wrought  iron,  plate  beams, 42,000 

„  „        bars  and  axles, 54,000 

XT 

Cast  iron, ^8,75o  +  23,000—, 

tt 

(where  H  is  the  depth  of  solid  metal  in  the  section  of  the 

beam,  and  h  the  extreme  depth.) 

Ash, 12,000  to  14,000 

Fir,  pine, 7,000  to  12,300 

Larch 5,ooo  to  10,000 

Oak,  British,  Bussian,  and  American, 10,000  to  13,600 

Teak, 14,800 

Tbe  modulus  of  rupture  is  eighteen  times  the  load  required  to 
break  a  bar,  one  inch  square,  supported  at  two  poiiits,  one  foot 
&part,  by  being  applied  in  the  middle  of  the  bar. 

The  flection  for  cast  iron  beams  first  proposed  by  Mr.  Hodgkin- 
>on,  in  consequence  of  his  discovery  of  the  fisu^,  that  the  resistance 
<^  cast  iron  to  direct  crushing  is  more  than  six  times  its  resistance 
to  tearing,  consists,  as  in  fig.  22,  of  a  lower  flange  B,  an  upper 
flan^  A,  and  a  vertical  web  connecting  them.  The  sectional  area 
<if  tibe  lower  flange,  which  is  subjected  to  tension,  is  nearly  six 
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times  that  of  the  upper  flange,  which  is  subjected  to  thrustb  In 
order  that  the  beam,  when  cast,  may  not  be  liable  to  crack  from, 
imequal  cooling,  the  vertical  web  has  a  thickness 
at  its  lower  side  nearly  equal  to  that  of  the  lower 
flange,  and  at  its  upper  side,  nearly  equal  to  that 
of  the  upper  flange. 

The  tendency  of  beams  of  this  class  to  break  by 

tearing  of  the  lower  flange  is  slightly  greater  than 

J..  **  2  the  tendency  to  break  by  crushing  of  the  upper 

*^'     '  flange;  and  their  modulus  of  rupture  is  equal,  or 

nearly  equal,  to  the  direct  tenacity  of  the  iron  of  which  they  are 

made,  being,  on  an  average  of  different  kinds  of  British  iron, 

16,500  lbs.  per  square  inch. 

The  following  foimula  for  the  moment  of  rupture  of  such  beanis, 
though  not  strictly  exact,  is  in  general  near  enough  to  the  truth 
for  practical  purposes : — Let  B  be  the  sectional  area  of  the  lower 
flange,  in  square  inches ;  K  the  depth  in  inches  from  the  centre  of 
the  upper  flange  to  the  centre  of  the  lower  flange;  then 

M  =  16500  A' B. (8.) 

74.  BcstotaBce  f  irrenching. — For  equal  values  of  the  modulus 
of  rupture,  denoted  by /J  the  strength  of  a  cylindrical  axle  to  resist 
wrenching  is  double  of  its  strength  to  resist  breaking  across. 

Let  I  denote  the  length,  in  inches,  of  the  lever  (such  as  a  crank), 
at  the  end  of  which  a  wrenching  or  twisting  force  is  applied  to  an 
axle;  let  the  working  load,  in  pounds,  multiplied  by  a  suitable 
factor  of  safety  (usually  9ix)  be  denoted  by  W;  then 

W^  =  M (1.) 

is  the  wrenching  TrumieTd,  in  inch-pounds. 

The  following  are  the  formulae  which  serve  to  compute  the 
dimensions  of  axles  whose  resistances  to  wrenching  shall  be  equal 
to  a  given  wrenching  moment : — 

For  a  solid  axle,  let  h  be  its  diameter;  then 


M=/^;»a.  =  ^5:^« (2.) 


For  a  hollow  axle,  let  h^  be  the  external  and  \  the  interna] 
diameter;  then 


and  A^ 


51 /*i    ~6-l     V~hi)> 


.(&> 
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▼luch  last  formula  serves  to  compute  the  diameter  of  a  hollow 
txle  when  the  rcUio  Hq  :  h^  of  its  interual  and  external  diameter  has 
been  fixed. 
The  valttes  of  the  modulus  of  wrenching /a 


For  cast  iron, about  27,700 

For  wrought  iron, „     50,000 

nd  taking  six  as  the  factor  of  safety,  if  we  put  the  greatest 
VDorkvng  moment  of  torsion  for  M  in  the  foi-mulse  instead  of  the 
tcrenching  moment,  we  may  put  instead  off — 

For  cast  iron, 4*500 

For  wrought  iron, 8,000  to  9,000 

75.  TwiMiaff  and  ]lcMdlM«  €oaiblH«d  (A.  if.,  325). — One  of 
the  most  important  examples  of  this  is  diown  in  ^g,  23,  which 
Tepresents  a  shaft  having  a  crank  at  one 
end.  At  the  centre  of  the  crank-pin  P  is  ap- 
plied the  pressure  of  the  connecting  rod;  and  at 
the  centre  of  the  bearing  S  acts  the  equal  and 
opposite  resistance  of  that  bearing.  Kepresent- 
isg  the  common  magnitude  of  those  forces  by 
P,  they  form  a  couple  whose  moment  is 

M  =  P  •  SP. 

Draw  SQ  bisecting  the  angle  PS M.     OnSQ 

let  fall  the  perpendicular  P  Q.    From  Q  let  fall  Fig.  28. 

QM  perpendicular  to  SM. 

Calculate  the  diameter  of  the  shaft  as  if  to  resist  the  bending 
action  of  P  applied  at  M,  and  it  will  be  strong  enough  to  resist  the 
combined  bending  and  twisting  action  of  P  applied  at  the  point 
marked  P. 

To  express  this  symbolically,  taking  the  factor  of  safety  at  6,  let 
W  =  6P.    Make  the  an^ePSM=i;  then 


SM  =  PS 


oa      l  +  COSi. 


2 


^  tiie  diameter  h  of  the  axles  is  to  be  suited  to  the  moment  of 

M'  =  W-SM  =  W-Spl±^*. (1.) 

that  is, 

IF 


-v^ 


.(2.) 
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76.  Teeiii  •€  wuetU, — The  following  is  Tredgold^s  formula  for 
the  thickness  of  the  cast  iron  teeth  of  wheels,  which  axe  to  trans- 
mit the  working  pressure  P. 

Let  that  pressure  be  expressed  in  pounds,  and  the  thickness  h  of 
each  tooth  in  inches;  then 


V  1500 


Section  9. — Prime  Movers  Classed 

77.  Prime  movers  are  classed  according  to  the  forms  in  which 
the  energy  that  drives  them  is  first  obtained.     These  ai-e-^ 

I.  Muscular  Power,  applied  by  men  to  machines  and  implements 
of  very  various  kinds, — and  by  beasts,  chiefly  to  overcoming  resist- 
ance by  traction  and  to  carrying  of  burdens. 

II.  The  Weight  and  Motion  of  Fluids,  acting  in  water  pressure 
engines,  water  wheels,  and  other  hydiuulic  engines,  and  in  wind- 
mills. 

IIL  Heai,  obtained  by  means  of  chemical  combination,  and 
applied  to  the  producing  of  changes  in  the  volume  and  pressure  of 
fluids,  so  as  to  drive  engines,  of  which  the  steanh  engine  is  the  chief. 

lY.  Electricity/,  obtained  originally  by  means  of  chemical  com- 
bination, and  applied  to  the  production  and  alteration  of  magnetic 
force,  so  as  to  ^ive  certain  engines. 

The  division  of  the  remainder  of  this  work  is  founded  on  the 
above  classification. 


ADDiarouM  TO  Article  41,  Page  46. 

R«tAf«iT  I>fn«Bi«Bict«r.— In  the  "Pandynamometer**  of  M.  G.  A. 
Him,  the  torsion  of  the  rotating  shaft  which  transmits  ])ower  is  made  the 
means  of  measuring  and  recording,  by  a  self-acting  apparatus,  the  moment  of 
the  couple  by  which  the  shaft  is  driven.  Two  toothed  spur-wheels,  iixeil 
on  the  shaft  at  two  different  points,  communicate  rotations  of  equal  speed  in 
opposite  directions  to  two  bevel  wheels  which  gear  with  one  intermediate 
bevel  wheel  at  opposite  sides  of  its  rim.  The  axis  of  the  third  wheel  in- 
dicates by  its  position  one-half  of  the  angle  through  which  the  shaft  is 
twisted  between  the  spur-wheels,  and  communicates  its  motion  to  the  pencil 
of  the  recording  apparatus.     (See  AnnaUs  des  Mines,  1867.) 


PART  I. 

OF  MUSCULAR  POWEB, 


CHAPTER  I. 

GENERAL  PRINCIPLES. 

78.  ifAtare  of  the  Rnbject. — Although  it  has  been  shown,  in  a 
paper  bj  I>r.  Joule  and  the  late  Dr.  Scoresby  {Phil,  Mag.,  1846), 
that  animaJs  acting  as  prime  movers  have  a  higher  efficiency  than  any 
inoiganic  machines,  still  the  present  state  of  our  knowledge  is  in- 
sufficient to  enable  us  to  frame  a  complete  theory  of  their  efficiency. 
V^'e  cannot  determine  with  precision  the  whole  amount  of  energy 
which  a  given  animal  developes  in  a  given  time,  so  as  to  compare 
that  amoiint  with  the  energy  which  can  be  rendered  effective  in 
the  same  time  in  overcoming  mechanical  resistance.  All  that  we 
can  do  is  to  ascertain  by  experiment  and  observation  the  quantities 
of  effective  enerfft/  exerted  by  different  animals  working  under  dif- 
ferent circumstances,  and  to  compare  those  quantities  with  each 
other. 

In  the  present  chapter  will  be  stated  some  principles  which  hold 
respecting  the  muscular  power  both  of  men  and  of  beasts.  The 
power  of  men  will  be  considered  specially  in  the  second  chapter, 
and  that  of  beasts  in  the  third. 

79.  The  itaiiy  iFork  of  an  animal  is  the  product  of  three  quan- 
tities— ^tbe  resistance  overcome,  the  velocity  with  which  it  is  over- 
come, and  the  number  of  v/nits  of  time  per  day  during  which  work 
is  continued.  It  is  known  that  the  amount  of  the  daily  work 
depends  on  various  circumstances,  of  which  the  principal  are — 

(1.^  The  species  and  race. 

(2.)  The  health,  strength,  activity,  and  disposition  of  the  in* 
dividoaL 

(3.)  The  abundance  and  quality  of  food  and  air,  the  climate, 
and  other  external  circumstances  affecting  those  mentioned  under 
head  2. 

(4.)  The  load,  or  resistance  overcome. 

(5.)  The  velocity. 
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!6.)  The  fraction  oF  the  day  employed  in  working. 
7.)  The  natm<e  of  the  machine  or  implement  used  in  performing 
the  work.  This  cause  affects  men  more  especially,  owing  to  the 
variety  and  complexity  of  the  machines  on  which  they  can  exert 
their  muscular  power.  Beasts  are  made  to  work  almost  exclusively 
in  two  ways — by  traction  and  by  carrying  of  burdens;  so  that 
little  variation  in  the  amount  of  theii*  mechanical  work  arises  from 
the  circumstances  under  the  present  head. 

(8.)  The  practice  and  training  of  the  individual     This  applies 
principally  to  men,  and  in  a  less  degree  to  beasts. 

80.  laflncBce  of  I<oad,  Velocltsr,  and  Tine  of  ITorklay  mt  Amily 
iTork. — It  is  known  that  for  each  individual  animal  there  is  a  cer- 
tain set  of  values  of  the  three  factors  of  the  daily  work  which 
makes  their  product  a  maximum,  and  is  therefore  the  best  for 
economy  of  power,  and  that  any  departure  frt)m  that  set  of  values 
diminishes  tjie  daily  work.  Various  attempts  have  been  made  to 
represent  the  law  of  that  diminution  by  an  equation,  but  they 
have  succeeded  imperfectly.  The  equation  which  agrees  on  the 
whole  best  with  observation  is  that  of  Maschek,  which  is  as  fol- 
lows : — ^Let  Rj,  Vj,  T,,  represent  respectively  the  resistance,  velo- 
city, and  daily  time  of  working  which  give  the  greatest  daily  work, 
and  E,  V,  T,  any  other  resistance,  velocity,  and  daily  time  of  work- 
ing; then 

R       T       T 

w +%+%=' (^•) 

According  to  this  equation,  the  maximum  daily  work  K^Y^T^^  is 
realized  imder  the  foUowing  circumstances : — 

Rj  is  one-third  of  the  resistance  which  the  man  or  beast  can 
overcome  for  an  instant  and  no  more. 

Yj  is  one-third  of  the  velocity  which  can  be  maintained  without 
resistance  for  an  instant. 

Tj  is  one-third  of  a  day.     This  last  principle  is  generally  ad-   \ 
mitted  to  be  true;  the  others  are  doubtful.  j 

The  above  formula  agrees  approximately  with  experiment  for   | 
circumstances  not  greatly  deviating  from  those  in  which  the  daily 
work  is  a  maximum. 

81.  inflnence  of  Other  circniniiiaBcca. — The  circumstances  num- 
bered 4,  5,  and  6  in  Article  79  have  been  considered  fii-st,  because 
for  them  alone  has  anything  approaching  to  a  mathematical  prin- 
ciple been  ascertained.  The  effect  of  the  circumstance  7  will  be 
considered  in  the  ensuing  chapters.  The  influence  of  the  other 
circumstances,  1,  2,  3,  and  8,  involves  questions  of  natural  history 
and  physiology  rather  than  of  mechanics.  With  respect  to  the 
circumstance  3,  it  may  be  stated,  that  other  things  being  alike, 
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be  individnal  that  can  beneficially  breathe  most  air  and  digest 
lost  food,  can  also  perform  most  muscular  work;  and  inasmuch  as 
he  capacity  for  the  beneficial  digestion  of  food  depends  in  a  great 
aeasure  on  the  capacity  for  the  beneficial  breathing  of  air,  the 
"olume,  strength,  and  soundness  of  the  lungs,  and  the  abundance 
md  purity  of  the  air  supplied  to  them,  are  of  primary  importance 
0  muscular  pow^er. 

It  is  well  know^n  that,  by  a  reciprocal  action,  muscular  exertion 
increases  the  poinrers  of  respiration  and  digestion. 

62.  In  the  Vr»Mifport  or  i,imuU,  cases  sometimes  occur  in  which 
it  is  impossible  exactly  to  determine  the  resistance  overcome  by  an 
animal;  and  it  is  consequently  impossible  to  calculate  the  absolute 
Taluc  of  the  vrork  performed  But  a  quantity  can  be  computed  in 
each  such  case  ifvhich  bears  some  unknown  proportion  to  the  work 
performed,  viz. : — the  product  of  the  load  into  the  horizofUal  distcmoe 
over  which  it  is  conveyed.  That  product  is  caDed  "  transport"  and 
examples  of  its  values  will  be  given  in  the  sequeL 
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FOWEB  OF  MEN. 

83.  Tables  of  the  Pcrr4innance  of  Men. — ^The  results  in  the  fol* 
lowing  tables  are  given  on  the  authorUy  of  Coulomb,  Navier,  and 
Poncelet,  with  the  exception  of  those  marked  16,  which  are  from 
4Hxperiments  by  Lieutenant  David  Bankine. 

I.  WoEK  OP  A  Man  against  Known  Resistances. 


KlSD  OF  EXKBTXOS. 

B 
lbs. 

V 

ft.  p.  sea 

8(MJ0 
(hours 
p.  day.) 

RV 

peraoc. 

RVT 
ft-lbiL  p.  day. 

j 

1.  Raising  his  own  weight  up 

stair  or  bidder. 

148 

06 

8 

72-5 

2,088,000 

1 

2.  Hauling   np  weights    with 

rope,    and    lowering    tho 

1 

40 

0-76 

c 

80 

648,000 
622,720 

8.  Lifting  weights  by  hand,. ... 

44 

0-65 

6 

24-2 

4.  Camong  weights  up  stairs, 

and   returning  unloaded, 

148 

0-18 

6 

18-5 

899,600 

6.  Shovelling  up   earth    to  a 

hei^rht  of  6  (t  8  in........ 

6 

1-8 

10 

7-8 

280,800 

6.  Wheeling  earth  in  barrow  up 

1 

slope  of  1  in  12,  i  horiz. 

veloc.  0-9  ft  per  sec.,  and 

returning  unloaded, 

182 

0-076 

10 

9-9 

366,400 

7.  Pushing  or  pulling  horizon- 

talljr  (capstan  or  oar), 

20-5 

20 

8 

63 

1,526,400  1 

(126 

-<18-0 

6-0 

? 

G2o 

... 

8.  Turning  a  crank  or  winch,... 

2-6 

8 

46 

l,29Gio0O  1 

(200 

14*4 

2min8. 

288 

1 

9.  Workincr  Dumo. 

13-2 

2-6 

10 

83 

1,188.000 
480,000  j 

*"                   V»m..Mjj     |/MUJ|#,.....«......... 

10.  Hammering, 

16 

? 

8? 

? 

ExpUmcUum.  —  R,  resistance;  Y,  effective  vdocUy  =  distance 
through  which  R  is  overcome  -?-  total  time  occupied,  including 
the  time  of  moving  unloaded,  if  any;   T",  time  of  working,  in 

seconds  per  day;  g^,  same  time,  in  hours  per  day;  R  V,  effective 

power,  in  foot-pounds  per  second;  RVT,  daily  work. 
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IL  Perforscai^ce  of  a  Man  in  Transportinq  Loads 
Horizontally. 


1 

L 

ItM. 

V 

ftpiaoc. 

T 

8600 

(hours 

pt  day.) 

loa.  con-  ,^ 
veyed    Iba  conveyed 
Ifootj       Itoot. 

"^  1   1 1.  Walking  nnloaded,  trannport 
of  own  weight,.... 

^       12.  Wheeling  load  L  in  2-whId. 

barroTT,  retom.  nnloaded, 

13.  Ditto  in  1-wh.  barrow,  ditto, 

"^   ,   14.  Travelling  with  burden, 

. —  *  15.  Carrying  burden,  returning 
nnloaded, 

140 

224 

182 

90 

140 
(252 
■^126 
(    0 

6 

1! 

11-7 
28-1 

10 

10 

10 
7 

6 

700 

873 
220 
226 

233 
0 
1474-2 
0 

26,200,000 

18,428,000 
7,920,000 
6,670,000 

6,082,800 

^     16.  Carrring  burden,  for  80  se- 
oonda  onlv.. 

ExplancUioTL — L,  load ;  Y,  effective  vdocity^  computed  as  before; 

T,  time  of  working,  in  seconds  per  day;  «^^     ,  in  hours  per  day,  as 

before;  LY,  transport  per  second,  in  foot-pounds;  LYT,  daily 
transport. 

84.    lir«riK   of  a   Iflnn   Balslns   his   Ovro   UTelght. —  The    average 

amount  of  this  is  given  in  line  1  of  the  table  in  Article  83,  and  is 
greater  than  the  work  which  the  man  can  perform  by  any  other 
mode  of  exertion.  The  most  simple  method  of  rendering  available 
this  kind  of  work  is  that  invented  by  a  French  officer  of  engineers, 
Captain  Coignet,  and  applied  to  the  lifting  of  barrows  of  earth  from 
an  excavation  about  forty  feet  deep.  A  hoist  is  constructed,  con- 
sisting of  a  strong  rope  passing  over  a  large  pulley,  and  having 
suspended  at  each  end  of  it  a  cage  or  enclosed  platform.  Each 
baiTOW  of  earth  on  being  brought  to  the  foot  of  the  hoist  is  placed 
in  the  cage  which  has  just  descended  to  the  lower  level.  At  the 
same  time  a  man  with  an  empty  barrow  steps  into  the  other  cage 
at  the  npper  level,  and  descending  along  with  it,  causes  the  cage  con- 
taining the  full  barrow  to  rise  to  the  higher  level,  and  the  baiTow  is 
then  removed.  The  man  then  leaves  the  cage  in  which  he  has 
descended,  and  at  once  returns  to  the  higher  level  by  mount- 
ing a  ladder.  When  he  mounts  the  ladder,  he  stores  energi/  to  an 
amount  equal  to  the  product  of  his  weight  into  the  verticid  height 
of  ascenty  which  energy  is  expended  when  he  descends  in  one  cage 
and  raises  the  load  in  the  other.  A  party  of  men  are  employed  in 
this  operation  alone,  the  barrows  being  wheeled  to  and  from  the 
hoist  by  others.     There  is  one  man  whose  sole  duty  it  is  to  attend 
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to  the  machine,  and  either  by  hand  or  bj  means  of  a  brake  to  coo- 
trol  the  motion  when  it  tends  to  become  too  rapid. 

The  velocity  of  vertical  ascent  given  in  tiie  table  being  the 
effective  velocity  only,  is  found  by  dividing  the  whole  height 
ascended  in  a  day  by  the  whole  number  of  seconds  occupied, 
whether  in  ascending  or  in  descending. 

85.  i<ilUBg  iTeishts  by  «  Rop«. — ^The  data  in  line  2  of  the  tables 
are  obtained  from  the  results  of  the  exertions  of  men  in  working  a 
ringing  pile  engine,  in  which  a  heavy  ram  moving  vertically  between 
guides  is  attached  to  a  rope  passing  over  a  pulley.  The  other  end 
of  the  I'ope  branches  out  into  sevetul  smaller  ropes,  held  by  a  suffi- 
cient number  of  men,  in  the  proportion  of  about  one  man  for  each 
40  lb.  weight  of  the  ram.  The  men,  pulling  all  together,  lift  the 
ram  from  three  to  four  feet,  and  let  it  drop  suddenly  on  the  head 
of  the  pile.  It  is  foimd  that  they  work  most  effectively  when, 
after  every  three  or  four  minutes  of  exertion,  they  have  an  interval 
•  of  rest 

86.  Other  Mode*  of  Bxertioa* — It  is  Scarcely  necessary  to  state 
that  in  none  of  the  lines  of  the  first  table  except  that  marked  1  is 
the  weight  of  the  man  himself  included  in  any  load  which  he  is 
«tated  as  moving. 

In  line  6,  the  resistance  B  =  132  lbs.  is  the  net  iveight  of  the 
-«arth  in  the  barrow,  and  excludes  the  weight  of  the  barrow 
itself  The  mean  actual  velocity  going  and  returning  is  18  feet 
per  second ;  but  as  the  effective  velocity  is  to  be  computed  from  the 
distance  travelled  when  loaded  only,  it  is  one-half  of  1*8,  or  0*9  foot 
per  second ;  and  as  the  rate  of  ascent  of  the  slope  is  1  in  12,  the 
effective  vertical  velocity  is  0*9  -f- 12  =  0*075  of  a  foot  per  second, 
as  set  down  in  the  column  Y.  It  is  to  be  observed  that  the  work 
set  down  in  this  line  is  that  due  to  the  vertical  raising  of  the  earth 
only,  and  is  by  no  means  the  whole  work  performed  by  the  man  ; 
the  conveying  the  earth  horizontally  also  involves  the  overcoming 
of  resistance  and  performing  of  work,  though  to  what  amount  is 
only  known  by  a  rough  approximation  to  be  mentioned  in  the  next 
Article. 

Line  7  shows  that,  next  to  raising  his  own  weight  up  a  ladder, 
the  most  favourable  modes  of  exerting  a  man's  strength  are  the 
pushing  of  a  capstan  bar  and  pulling  of  an  oar. 

Next  in  amount  of  daily  work,  as  shown  by  line  8,  is  the  turn- 
ing of  a  crank  or  winch — ^the  ordinary  mode  of  driving  purchases, 
cr&nes,  monkey  pile  engines,  and  a  great  variety  of  other  machines. 

The  result  in  line  9,  relative  to  working  a  pump,  will  also  apply 
to  windlasses  which  are  worked  by  levers  in  the  position  of  pump 
handles.  It  applies,  amongst  other  pumps,  to  those  of  hydrauUc 
presses — a  kind  of  machine  which,  although  generally  worked  by 
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men,  involves  hjdrodynamic  principles,  which  make  it  necessary  to 
<iefer  its  consideration  till  Part  II.  of  this  work. 

In  line  10,  relative  to  swinging  a  15  lb.  hammer,  some  of  the 
data  are  wanting,  and  the  result  Ls  doubtful 

87.  TniBspMtiag  iiomdm^ — ^In  the  second  table,  the  only  line  in 
which  the  weight  of  the  man  is  taken  into  account  is  that  marked 
11,  where  his  own  weight  is  the  only  load  conveyed. 

By  comparing  line  13  in  the  second  table  with  line  6  in  the  first, 
it  appears  that  the  exertion  of  wheeling  a  load  of  earth  horizontally 
in  a  one-wheeled  barrow  from  ten  to  twelve  feet  or  thereabouts^ 
must  be  nearly  equal  to  that  due  to  the  raising  of  the  same  earth 
one  foot  vertiiadly  in  wheeling  it  up  a  slope. 
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POWER  OF  HOBSES  AND  OTHER  BEASTS. 

88.  Table*  of  the  Pcrfennaace  of  noraca. — The  results  in  tlie 
following  table  are  given  on  the  authority  of  Navier  and  Poncelet, 
except  the  line  marked  1,  which  is  from  experiments  by  Mr.  David 
Bankine  and  the  Author.  Line  2  contains  the  mean  of  several 
results  of  experiments  on  draught  horses,  and  may  be  considered 
the  average  of  their  ordinary  performance  under  the  most  fiBivourable 
circumstances  as  to  time  of  working  and  velocity. 

L  Work  of  a  Horse  agiixst  a  Kkowx  Eesistancz. 


Kzaro  ov  Exsktiox. 

R 

V 

T 
3C0O 

RV 

-I 
RVl 

1.  Cantering  and  trotting,  draw- 

ing a  light  railway  car- 
riage (thoroughbred), 

2.  Horse  drawing  cart  or  boat, 

walking  (draught  hor^), 

8.  Horse  drawing  a  gin  or  mill, 

walking, 

rniin.22|) 
<mean30H 
(naax.  5uJ 

120 

100 
66 

14} 

8-6 

8-0 
6-6 

4 

8 

8 
4J 

447i 

432 

800 
429 

6,444,000 

12,441,600 
8.640,000  1 

4.  Ditto,  trotting, 

6,950,000  ! 

T 

ExplaruitiorL — R,  resistance,  in  lbs.;  Y,  velocity,  in  feet  per 
second;  T-f-3600,  hours'  work  per  day;  RV,  work  per  second  ; 
R  V  T,  work  per  day. 

IL  Performance  of  a  Horse  m  Traksportinq  Loads 
Horizontally. 


Knn>  ov  Exianoy. 

L 

V 

t 

8600 

LV 

lvt 

6.  Walking  with  cart,  always 
loaded, 

1,500 
750 

1,600 
270 
180 

8*6 
7-2 

20 
8-6 
72 

10 

10 

10 

7 

5,400 
5,400 

8,000 

972 

1,296 

194,400,000 
87,480,000 

108,000,000 
84,992,000 
82,659,200 

6.  Trotting  ditto, 

7.  Walking    with    cart,    going 

loaded,  returning  empty; 
V  =  J  mean  velocity, 

8.  Carrying  burden,  walking,... 

9.  Ditto,  trotting, 

HOBSES — 0XE2T — MULES — ^ASSES.  89 

ExpiaruUum. — L,  load,  in  lbs. ;  V,  velocity  in  feet  per  second ; 
T-3600,  working  hours  per  day;  LV,  transport  per  second; 
L  V  T,  transport  per  day. 

Table  IL  has  reference  to  conveyance  on  common  roads  only,  and 
those  evidently  in  bad  order  as  respects  the  resistance  to  traction 
upon  them. 

The  average   power  of  a  draught  horse,  as  given  in  line  2, 

432 
Table  I.,  being  432  foot-pounds  per  second,  is  ^tt:  =  0'7 85  of  tlie 

conventional  value  assigned  by  Watt  to  the  ordinary  unit  of  the 
rate  of  work  of  prime  movers  (Article  3). 

89.  oxca,  males.  Asms. — Authorities  differ  considerably  as  to 
the  power  of  these  animals.  The  following  may  be  taken  as  an 
approximative  comparison  between  them  and  draught  horses : — 

Ox. — Load,  the  same  as  that  of  average  draught  horse ;  best 
velocity,  and  work,  |  of  horse. 

Mule. — Load,  one-half  of  that  of  average  draught  horse ;  best 
velocity,  the  same  with  horse  ;  work,  one-half. 

Ass. — ^Load,  one  quarter  of  that  of  average  draught  horse ;  best 
velocity,  the  same ;  work,  one  quarter. 

90.  H«rae  Gin. — In  this  machine,  as  is  shown  by  line  3,  a  horse 
works  less  advantageously  than  in  drawing  a  carriage  along  a 
straight  track.  In  order  that  the  best  possible  results  may  bo 
rtaliaed  with  a  horse  gin,  the  diameter  of  the  circular  track  in 
which  the  horse  walks  should  not  be  less  than  about  forty  feet. 

91.  Tread  ITkeel*  for  IIonMss  and  Oxen  have  been  USed,  each 
consisting  of  a  plane  circular  platform,  rotating  about  an  axis 
somewhat  inclined  to  the  vertical,  and  ribbed  to  prevent  the  feet  of 
the  animal  from  slipping.  The  animal  walks  continually  up  the 
slope  of  the  platform  at  or  near  one  end  of  the  horizontal  diameter, 
and  by  its  weight  causes  the  platform  to  rotate  against  a  resistance-. 
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CHAPTER  L 

OF  SOUBCES  OF  WATEB  FOR  FOWEB. 


92.  NmMmrm  •€  BMirces  ia  CtoaeniL — The  onginal  source  of  water 
power  is  the  solar  heat,  which  evaporates  liquid  water  from  the 
soriace  of  the  earth  and  sea.  The  vapour,  condensing  in  the  upper 
and  colder  r^ons  of  the  atmosphere,  flails  as  rain,  and  forms 
streams,  whose  waters,  in  descending  firom  a  high  to  a  low  level, 
txert  energy  equal  to  the  product  of  the  weight  of  water  which 
descends  into  the  height  through  which  it  descends.  In  the  natural 
condition  of  a  stream,  the  whole  of  the  energy  due  to  the  descent 
of  its  waters  is  employed  in  wearing  and  carrying  away  the 
materials  of  its  bed^  and  in  producing  heat  by  friction;  but  by 
proper  management,  a  part  of  that  energy  can  be  made  available  to 
overcome  the  resistance  of  machines. 

The  art  of  collecting  and  distributing,  for  useful  purposes,  the 
rain-fall  of  a  district, — of  planning  and  maJdng  reservoirs  for  stoiing 
paut  of  it  in  seasons  of  flood,  in  order  to  supply  its  deficiency  in 
^^easons  of  drought,  and  of  adapting  natural  lakes  to  answer  the  same 
fmrpoBes — ^the  art  of  preserving  and  improving  the  natural  channels 
in  which  it  flows,  and  of  planning  and  making  artiflcial  channels, 
cuDStitute  a  great  and  important  branch  of  civil  engineering,  and 
cannot  be  considered  within  the  limits  of  the  present  treatise,  whose 
object,  as  applied  to  water  power,  is  to  set  forth  the  principles  and 
the  mode  of  action  of  those  engines  which  render  that  power  avail- 
able when  a  convenient  source  has  been  obtained;  that  is  to  say, 
a  stream,  discharging  a  given  quantity  of  water  per  second,  and 
Laving  a  given  verti^  descent  within  a  convenient  distance.  Such 
a  combination  of  circumstances  makes  a  "  uill  site"  or  "  fall." 

93.  p«wcr  •f  a  Vail  of  iraier^sacieacT. — ^Tho  gross  power  of  a 
iall  of  water  is  the  product  of  the  toeigkt  of  water  discharged  in  a 
given  unit  of  time  (such  as  a  second,  or  a  minute),  into  the  total 
W;  that  is,  the  difference  of  vertical  elevation  of  the  upper  mrfoM 
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oftkt  water  at  the  points  where  the  fall  in  question  begins  and  enda 
To  express  this  in  symbols,  let 

Q  be  the  flow,  or  volume  of  water  discharged,  in  cubic  feet  pes 
second; 

D,  the  weight  of  a  cubic  foot  of  water,  in  lbs.,  =  624  Iba,  nearly 

H,  the  total  head;  then 

DQH (1.) 

is  the  gro88  power,  in  foot-lbs.  per  second;  which  being  divided  bj 
550,  gives  the  gross  horse-power. 

There  is  in  every  case  a  certain  loss  qfliead  arising  from  the  wast4 
of  energy  in  various  ways  to  be  afterwards  mentioned.  That  wasfe 
can  usually  be  computed  in  the  form  of  a  cei-tain  fraction  of  the  whoh 
energy  exerted;  let  k  denote  that  fraction;  then  the  effective poicer 
in  foot-lbs.  per  second,  is 

(1-A)DQH; (2.) 

and  the  efficiency  is 

1-*J (3.) 

k'H.1%  called  the  loss  of  head,  and  (1  —  A;)  H  the  effective  head. 

94.  Itlcasarenient  of  a  filoiirce  of  HTnter  Power. — Two  thiBgS  an 
to  be  measured  about  a  fall  of  water,  the  head  H,  and  the  flow  Q 
The  head  is  measured  by  the  ordinary  operation  of  levelling.  The 
flow  is  measured  by  difierent  methods,  according  to  circumstances. 

I.  In  large  streams,  the  flow  can  in  general  be  only  measured 
directly;  that  is,  by  finding  the  area  of  cross-section  of  the  stream, 
measuring  by  suitable  instruments  the  velocities  of  the  current,  at 
various  points  in  that  cross-section;  taking  the  mean  of  these 
velocities,  and  multiplying  it  by  the  sectional  area.  The  mosi 
convenient  instrument  for  such  measurements  of  velocity  is  a  small 
light  revolving  fan,  on  whose  axis  there  is  a  screw,  which  drives  a 
train  of  wheel  work,  carrying  indexes  that  record  the  number  ol 
revolutions  made  in  a  given  time.  The  whole  apparatus  is  fixed  at 
the  end  of  a  pole,  so  that  it  can  be  immersed  to  different  depths  in 
diflerent  parts  of  the  channel  The  relation  between  the  number 
of  revolutions  of  the  fan  per  minute,  and  the  corresponding  velocity 
of  the  current,  should  be  determined  expeiimentally,  by  moving  the 
instrument  with  diflerent  known  velocities  through  a  piece  of  still 
water,  and  noting  the  revolutions  of  the  fan  in  a  given  time. 

II.  When  from  the  want  of  the  proper  instrument,  or  any  other 
cause,  the  velocity  of  the  current  cannot  be  measured  at  various 
points,  the  velocity  of  its  swiftest  part,  which  is  at  the  middle  of  the 
suriace  of  the  stream,  may  be  measured  by  observing  the  motions  of 
any  convenient  body  floating  down.     Let  this  greatest  Telocity  in 
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fwt  per  second  be  denoted  hj  Y;  then  according  to  an  empirical 
iumnla  of  Prony's,  the  mean  velodtj  is 


«  =  V 


7-71  +V 
10-28  +  V 


•(!•) 


m.  When  the  stream  is  so  small  that  it  is  practicable  to  make 
across  it  a  temporary  weir,  such  a  weir  is  to  be  made,  care  being 
taken  that  it  shall  be  perfectly  water  tight  at  every  point  except 
the  outlet  tlirough  which  the  whole  flow  of  the  stream  is  to  pass. 
The  site  ought  to  be  chosen  with  a  view  to  the  tightness  and 
iecoiily  of  the  weir;  and  the  channel  of  the  stream  immediately 
below  the  weir  should  be  straight,  in  order  that  the  rapid  current 
ntshing  from  the  outlet  may  not  injure  the  banks. 

The  outlet  should  be  a  notch  or  depression  in  the  upper  edge  of  a 
vertical  board ;  hence  weirs  of  this  class  are  called  notch  boards.  lu 
%.  24,  A  repre- 
sents a  front  view, 
wid  B  a  vertical  — 
section,  of  a  notch 
board  with  a  rec- 
tangular notch. 

^e  sides  and 
Vwttom  of  the 
notch    should    be  ^*«- ^^ 

chamfered  to  a  fine  edge,  with  a  vertical  surface  opposed  to  the 
Tfater  in  the  pond  above  the  weir,  as  shown  in  the  section  B;  and 
the  better  to  fulfil  this  condition,  the  notch  may  be  edged  all  round 
^ih  thin  sheet  iron.  The  object  of  this  is,  to  prevent  as  far  as 
poBsihle  the  friction  and  cohesion  between  the  water  and  the  edge 
of  the  notch  from  interfering  with  the  result. 

A  vertical  scale,  divided  into  feet  and  decimals,  and  having  its 
zero  at  the  level  of  the  lower  edge  of  the  notch,  is  to  be  placed  in 
the  pond  above  the  notch  board,  at  some  point  where  the  water  is 
either  sensibly  still,  or  has  a  very  slow  motion  only;  and  the  height 
at  which  the  surface  of  the  water  stands  on  that  scale  is  to  be  noted 
from  time  to  time. 

Let  A  be  that  height,  in  feet;  let  h  be  the  breadth  of  the  notch, 
also  in  feet.     Then  ^e  flow,  in  cubic  feet  per  second,  is  given  by  the 
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Q  =  ^'bhJ2gh; (1.) 

ig being  64-4,  and  J2gh  the  velocity  due  to  the  height  h;  while 
^isa  fraction  called  the  co-^ficient  of  concoction,  expressing  the 
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ratio  which  the  sectional  area  of  the  most  contracted  part  of  the  j<t 
or  cascade  flowing  from  the  notch  bears  to  the  area  of  the  rectangfi 
b  h. 

The  above  formula  may  also  be  expressed  as  follows  : — 

Q  =  5-35  c  h  1A *(2.) 

It  is  advisable  that  the  breadth  of  the  notch  should  not  be  le^ 
than  one-fourth  of  that  of  the  weir.  It  may  have  any  convenieni 
breadth  from  that  amount  np  to  the  entire  width  of  the  weir. 

The  values  of  the  co-efficient  of  contraction  are — 

For  a  notch  of  \  of  the  width  of  the  weir, '595 

For  a  notch  of  the  whole  width  of  the  weir, '667 

and  for  intermediate  proportions,  the  following  empirical  formula  if* 
very  nearly  correct : — 

•'  =  <^-^^^iO' <^) 

B  being  the  breadth  of  the  weir. 

When  the  velocity  of  the  current  at  the  point  where  the  vertical 
scale  stands  is  too  large  to  be  neglected,  let  Vq  denote  that  velocity 
(called  the  vdocUy  of  approach),  and 

the  height  due  to  it.  Then,  according  to  Mr.  Neville's  work  on 
Hydraulics,  the  flow  is  the  d^erence  between  that  from  a  still  pond 
due  to  the  height  h  +  li^  and  that  due  to  the  height  /loj  so  that  it 
is  given  by  the  formula 

Q  =  5-35  ch{{h  +  Ao)»  -  h^] (^.) 

When  Vq  cannot  be  directly  measured,  it  can  be  computed  approxi- 
mately by  taking  an  approximate  value  of  Q  from  equation  2,  and 
dividing  by  the  sectional  area  of  the  channel  at  the  place  where  the 
scale  stands. 

Table  of  Yalues  of  c  aio)  5*35  c, 

h  o  ^ 

-, i-o        0-9      08      07      o*6      0-5      0-4      o*3      0*25 

c, 667      '66      -65      -64      -63      -62      -61      -60      -595 

535  c,  357      3*53    348    342    3*37    3*32    Z'26    3-21    318 

*  lA  ifl  easily  computed,  as  follows,  by  the  aid  of  an  ordinaiy  table  of  squares  and 
cubes : — Look  in  the  column  of  squares  for  the  nearest  square  to  h\  then  oppoaite,  in 
the  eolnnin  of  cubes,  wiU  be  an  appro^mate  value  of  h\* 
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IV.  Besides  the  variations  in  the  co-efficient  of  contraction- 
latady  stated,  which  depend  on  the  proportion  between  the 
beadths  of  the  weir  and  of  the  notch,  there  are  other  variations 
irlich  have  been  reduced  to  no  general  law,  depending  on  the 
pit)portions  of  the  dimensions  of  the  notch  to  each  other. 

To  avoid  this  inconvenience. 
Professor  Thomson  of  Bel- 
&st  has  adopted  a  form  of 
Botch  in  which  the  section  of 
the  issoing  jet  is  always  of  a 
cmiJar  figure — that  is  to  say, 
1  triangle  with  the  apex  down- 
▼Kds,  as  in  fig.  25.  ^>«-  ^^' 

Let  h  be  the  depth,  in  feet,  of  the  apex  of  the  notch  below  the 
smface  of  still  water  in  the  pond,  h  the  breadth  of  the  notch  cU  the 
letd  of  the  surface  of  still  tocUer ;  then  the  area  of  the  triangle 
boimded  by  that  level  and  the  edges  of  the  notch  is  ^6A;  and 
theory  gives  for  the  discharge  in  cubic  feet  per  second — 

Sc    bh 


Q  =  -j|.J^-.V27r; (5.) 

Mr.  Thomson's  experiments,  made  for  the  British  Association, 
give  for  the  co-efficient  of  contraction — 


when6  =  2^  c=  -595; 
when  6  =  4  A,  c  =  -620; 


I;} « 

and  conseqaently  for  the  discharge — 


when  6  =  2  A,  Q  =  2-54  hi',  \  .^  v 

when  6  =  4  A,  Q  =  5-3  Al.    J   ^  *^ 

Y.  Instead  of  an  open  notch  in  the  top  of  a  weir  board,  there 
may  be  an  arificey  or  a  row  of  orifices,  wholly  beneath  the  level  of 
the  water  in  the  pond.  In  that  case,  on  account  of  the  variations 
in  the  co-efficient  of  contraction  which  occur  when  the  orifice  has 
^ous  proportions  of  length  to  breadth,  and  also  when  the  ratio 
of  the  Mod  of  water  above  the  orifice  to  the  breadth  of  the  orifice 
^68,  it  is  desirable  to  select  such  forms  and  proportions  as  shall 
gh-e  rise  to  the  smallest  variations.  For  that  purpose  the  orifices 
should  be  made  either  square  or  circular;  and  their  size  should  be 
sach  that  the  height  of  the  surface  of  still  water  in  the  pond  shall 
not  be  less  at  any  time  than  three  times  the  diameter  of  an  ori- 
fice.   These  conditions  being  fulfilled,  let  A  be  the  area  of  an 
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96.  The  ClaMM  •€  Water  P«wer  EaclaM  are  : — 

I.  Water-bucket  engines,  in  which  water,  poured  into  sus- 
pended buckets,  causes  them  to  descend  vertically,  and  so  to  lifb 
loads  or  overcome  other  resistance,  as  in  certain  hydraulic  hoists. 

IL  Water-pressure  engines,  in  which  water  by  its  pressure 
drives  a  piston. 

III.  Vertical  water  wheels,  being  wheels  rotating  in  a  verti- 
cal plane,  and  driven  by  the  weight  and  impulse  of  water.  These 
are  the  most  common  of  all  water  power  engines. 

IV.  Horizontal  water  wheels,  or  turbines,  being  wheels 
rotating  in  a  horizontal  plane,  and  driven  by  the  pressure  and 
impulse  of  water. 

V.  Bams  and  jet  pumps,  in  which  the  impulse  of  one  mass  of 
fluid  is  used  to  drive  another. 

97.  IFaler  P«wer  EmcIbcs  with  AvtUlctal  Smrvm. — ^Tho  smOOth- 

ness  and  steadiness  of  motion,  and  some  other  advantages  of  water 
power  engines,  sometimes  occasion  the  use  of  machines  exactly 
resembling  them  in  eveiything,  except  that  the  flow  and  head  of 
water  are  produced  artificially — ^for  example,  by  pumps  worked  by- 
hand,  as  in  the  common  hydraulic  press,  or  by  pumps  worked  by 
steam,  as  in  some  hydraulic  hoists  and  cranes,  and  in  some  wat<^ 
wheels  for  driving  fine  manufitcturing  machinery,  which  are  sup- 
plied by  pumping  steam  engines. 

Such  machines  are  not,  properly  speaking,  prime  movers  for 
<>btaining  energy  from  natural  sources,  but  rather  pieces  of  mecha- 
nism for  transmitting  and  conveuiently  applying  energy  already 
obtained  by  means  of  other  prime  movers.  The  identity  of  their 
construction  and  action,  however,  with  those  of  true  water  povirer 
engines,  renders  it  advisable  to  consider  them  in  the  present 
treatise. 

98.  Vmrm     Ammmmd    hj   Eaergr   •€   F«U  {A.   M,,   619-621). — 
Let  a  continuous  and  uniform  stream,  whose  volume  of  flow  is  Q  i 
cubic  feet  per  second,  and  weight  of  flow  D  Q  lbs.  per  second,  i 
descend  from  the  height  or  head  of  H  feet  to  a  given  point  of  dis-  i 
charge.     That  stream  is  capable  of  performing  work,  by  the  direct 
ACTION  OF  ITS  WEIGHT  in  descending,  to  the  amount  of 

DQHfL-lba  per  second. (1.) 

Now  suppose  that  from  the  original  elevation  H  of  the  upper 
surface  of  the  stream,  down  to  a  point  whose  elevation  above  the 
bottom  of  the  &M  is  z  feet,  the  descent  of  the  water  takes  place 
withotit  resistance.  It  will  at  the  latter  point  possess  the  power  of 
performing  work  by  its  weight  to  the  amount  of 

\         D  Q  «  fl.-lbs.  per  second  only; (2.) 
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but  sappofiing  the  source  to  be  a  reseryoir,  where  the  velocity  is 
insensible,  the  stream  will  now  by  its  free  descent  through  the 
height  H  — «,  have  acquired  the  velocity — 


t,=  V^(/(H-«); (3.) 

80  that,  before  being  brought  back  to  an  insensible  velocity,  it  is 
capable,  by  impuise,  of  performing  the  additional  work  due  to  its 
oAual  energy,  viz.: — 

— .^—  =  DQ  (H-«)  fL-lbs.  per  second, (4.) 

Zg 

▼hich  being  added  to  the  quantity  of  work  in  the  expression  2, 
reproduces  D  Q  H,  the  total  original  power. 

Next,  let  the  stream  be  supposed  to  descend,  in  a  doaepipeso 
large  that  the  velocity  of  current  is  stOl  insensible,  from  the  ori- 
giiud  head  H  to  the  less  elevation  z  above  the  bottom  of  the  fisJL 
Then,  as  in  the  last  example,  equation  2,  the  stream  will  at  the 
latter  point  possess  the  power  of  performing  D  Q «  ft-lbs.  per 
second  only  of  work  hy  Ua  weighb;  but  its  preaati&re  will  have 
become,  in  lb&  on  the  square  foot — 

/)  =  D(H-*); (5.) 

and  BT  xsAira  of  its  pbessube  the  stream  will  be  capable  of  per- 
forming work  to  the  amount  of 

;? Q  =  D  Q  (H-«)  ft.-lbs.  per  second, (6.) 

which  being  added  to  the  quantity  of  work  in  equation  2,  repro- 
duces the  total  original  power  D  Q  H,  as  before. 

It  appears,  then,  that  if  it  were  possible  for  a  stream  to  descend 
absolutely  without  resistance  from  the  elevation  H  to  any  less 
elevation  above  the  bottom  of  the  fall,  and  if  the  pressure  at  the 
latter  elevation  were  p  lbs.  on  the  square  foot,  and  the  velocity  v 
feet  per  second,  the  power  or  energy  per  second  at  that  elevation, 
being  equal  to  the  original  power,  would  be  expressed  by 


q(i»+ 


I>*  +  l^=I>QH; (7.) 


<r,  if  {he  htHght  due  to  iliepreanare  be  denoted  hjp  -r  D — 
In  this  ezpreasioii. 


^Q(*+fi  +  D)=^^=- (^> 
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T>q(z+~\  ^  potential  energy,  or  capacity  for  perform 
\       J))         ing  work  by  weight  and  pressure. 

o  !    (^") 

p  Q  .  J^    oc^t^oZ  energy^  or  capacity  for  performing  work 

2  g*        by  impulse. 
Tlie  following  equation: — 

«  +  ^  +  B  =  ^' (i^-) 

shows,  that  at  a  given  elevation  Zy  where  the  velocity  of  the  stream 
is  Vy  and  the  pressure  p,  there  ia^ 

Besides  the  actv/d  head  z, 

A  virtual  heady  composed  of — 

The  height  due  to  the  velocity,  r*-r  2^, 
And  the  height  due  to  the  pressure,  ^  -^  D, 

making  together  a  total  head,  which,  if  the  stream  has  descended 
without  resistance,  is  equal  to  the  original  head  H. 

Throughout  this  Article,  and  the  present  Part  of  the  treatise, 
when  not  otherwise  specified,  preaswre  is  used  to  mean,  the  excess  of 
tlie  pressure  of  the  water  above  tiiat  of  the  atmosphere, 

99.  liOM  •€  Head  18  the  form  in  which  the  effect  of  waste  of 
energy  in  the  stream  of  water  during  its  descent  is  most  con- 
veniently expressed.  It  may  be  denoted  in  the  form  of  a  certain 
fraction  of  the  total  head — 

and  then 

H-A  =  (1-A0H (1.) 

will  be  the  available  head; 

D  Q  (H  -  A)  =  (1  -AO  I>  Q  H. (2.) 

the  amnUMepowery  or  the  energy  exerted  per  second  by  the  fall  on 
the  engine;  and 

i-^=T' <^) 

the  ^ficieney  of  the/all. 

If,  in  the  working  of  the  engine,  there  is  a  further  waste  of  the   , 
fraction  k"  of  the  energy  exerted  on  it,  so  that  the  useful  ^ect  is 

(1  -  AO  (1-^  I>  Q  H, (4.)       I 


LOSS  OF  HEAD — FRICTION  OF  CHANMEL&  101 

then  1  -  ^'  is  the  efficiency  oftlve  mechanism^  and 

(l-AT)  (1  -1c)  =  1  -*  (as  in  Article  93) (5.) 

the  rmukamt  ^lidency  of  the  fall  and  engine  combined. 

The  causes  of  loss  of  head  are^  the  velocity  of  the  current  in  the 
tail  race,  and  fluid  friction. 

L  Current  in  the  tail  race, — If  1/  be  the  velocity  with  which  the 
stream  is  discharged  along  the  tail  race,  there  must  be  a  descent  of 
T^-^2g  to  produce  that  velocity,  which  descent  is  a  loss  of  head. 
Hence,  as  stated  in  Article  95,  the  tail  race  should  be  as  large  as 
is  consistent  with  due  economy  of  first  cost 

IL  Friction  0/  paasages  and  cliannda  in  general, — Let  A  be  the 
sectional  area  of  any  passage  or  channel  along  which  the  stream  is 
conveyed,  then 

•=i («■) 

is  the  mean  velocity  of  the  current  through  it. 

The  loss  of  head  from  friction  is  expressed  by  the  following 
^eial  fonnula :— 

^■Ti' ^'•> 

that  is,  the  product  of  the  height  due  to  the  velocity  by  9^  factor  of 
mietance  F,  whose  value  depends  mainly  on  the  nature,  form,  and 
dimensions  of  the  passage. 

The  friction  taJkes  effect  in  open  channels  by  producing  a  decli- 
Tity  of  the  surface  and  a  loss  of  actual  head;  in  a  close  pipe  it 
takes  effect  by  diminishing  the  pressure,  and  the  virtual  head  due 
to  it 

A  few  values  of  the  £9Lctor  denoted  by  F  have  already  been  given 
in  Article  50,  under  the  head  of  "  Pump  Brakes."  They  will  now 
be  repeated  in  greater  detail,  and  with  several  addition& 

III,  Friction  of  an  orifice  in  a  thin  plate : — 

F  =  0-054 (S.) 

IV.  Friction  of  numthpieces  or  entrances  from  reservoirs  into 
pipes, — Straight  cylindrical  mouthpiece,  perpendicular  to  side  of 
naervoir: — 

F  =  0-505. (9.) 

The  same  mouthpiece  making  the  angle  t  with  a  perpendicular 
to  the  side  of  the  reservoir : — 

F  =  0-505  +  0-303  sin  t  +  0-226  sin*  i (10.) 


7»  =  A  -5-  C  a: 
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For  a  mouthpiece  of  the  form  of  the  "  contracted  vein,"  that  is, 
one  of  such  a  form,  that  if  d  be  its  diameter  on  leaving  the  reser- 
voir, then  at  a  distance  d-r-2  from  the  side  of  the  reservoir  it  oou- 
tracts  to  the  diameter  *7854  d, — ^the  resistance  is  inaenaible,  and 
¥  nearly  =  0. 

Y.  Friction  ai  avdden  erda/rgerMrUs, — Let  A  be  the  sectional 
area  of  a  channel,  in  which  a  sluice,  or  slide  valve,  or  some  such 
object,  produces  a  sudden  contraction  to  the  smaller  area  a>  fol- 
lowed by  a  sudden  enlargement  back  again  to  the  original  area  A. 
Let  t?  =  Q  -r  A  be  the  velocity  in  the  enlarged  part  of  the  channel. 
The  effective  area  of  the  orifice  a  will  be  c  a,  c  being  a  cchefficient  oj 

cantractum  whose  value  may  be  taken  at  '618  +  \/ 1  —  -618  — . 

Let  the  ratio  in  which  the  channel  is  suddenly  enlaiged  be  denote<l 
by 

-^(2-618^'-.  1-618) (11.) 

Then  m  v  is  the  velocity  in  the  most  contracted  part  It  appears 
that  all  the  energy  due  to  the  difference  of  the  velocities,  m  v  and  v, 
is  expended  in  fluid  Motion,  and  consequently  that  there  is  a  loss 
of  head  given  by  the  formula — 

(«-!)«•  ^; 02.) 

SO  that  in  this  case 

F  =  (m- 1)2 (12  A.) 

YL  Friction  in  pipes  and  conduits. — Let  A  be  the  sectional  area 
of  a  channel;  6  its  border,  that  is,  the  length  of  that  part  of  its 
girth  which  is  in  contact  with  the  water;  I  the  length  of  the  chan- 
nel; then,  for  the  friction  between  the  water  and  the  sides  of  the 
channel — 

r=/-^; (13.) 

in  which  the  co-efficient /has  the  following  values: — 
For  iron  pipes  {d  =  diam.  in  feet),/=  OOOsTl  +  Tys)^  (^*) 

For  open  conduits,  ...../=  0-00741  +  2^222.??! (15.) 

A 

The  ratio  —  is  called  the  "htfdratUic  mean  depth*^  of  the  channel,  and 

for  cylindrical  and  square  pipes  running  full  is  obviously  OTie/ourtli 
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of  the  diameter ;  and  the  Rame  is  its  value  for  a  semi-cylindrical  open 
eondnity  and  for  an  open  condnit  whose  sides  are  tangents  to  a  semi- 
circle of  a  diameter  equal  to  twice  the  greatest  depth  of  the  conduits 
In  an  open  condnit,  the  loss  of  head — 

»=4^-?, a.) 

Ukes  place  as  an  actual  &11  in  the  sorface  of  the  water,  producing 
a  dfidiTity  at  the  rate— 

^-^•^-  (17) 

and  by  the  last  two  formulse  are  to  be  determined  the  Mi  and  the 
rate  of  declivity  of  open  head  races  and  tail  races  of  given  dimen- 
sions, which  are  to  convey  a  given  flow.  In  close  pipes,  the  loss  of 
head  takes  place  in  the  virtual  head  due  to  the  pressure. 

VIL  For  beruis  in  circtdcMr  pipes,  let  d  be  the  diameter  of  the 
pipe,  r  the  radius  of  cuiirature  of  its  centre  line  at  the  bend,  t  the 
angle  throngh  which  it  ia  bent,  v  two  right  angles ;  then,  according 
to  Professor  Weisbach — 

F  =  ^  1 0-131  +  1-847  (^y  } (18.) 

VUL  For  beTids  in  recUmgular  pipes : — 

F  =  i{0124  +  3.104(^y} (19.) 

IX.  For  knees,  or  sharp  turns  in  pipes,  let  %  be  the  angle  made 
hy  the  two  portions  of  the  pipe  at  the  knee ;  then 

F  =  0-946  sin«  5  +  2-05  sin*-^ (20.) 

X  Summary  of  lasses  of  head, — Let  t/  be  the  velocity  of  the 
correiit  in  the  tail  race;  F  the  fJEtctor  of  resistance  for  the  tail  race; 
V  the  velocity  in  any  other  part  of  the  course  of  the  water;  F  the 
proper  factor  of  resistance  for  that  part  of  the  course;  then  the 
^hole  loss  of  head  may  be  thus  expressed : — 

*=(i  +  ^r,+2'^^ (21.) 

100.  The  AdiMi  •€  the  Water  •■  the  Eagtoe  has  already  been 
Anguished,  in  Articles  96  and  98^  as  taking  place  in  three 
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I.  By  weight 

II.  By  pressure. 

IIL  ByimpiQse. 

Now,  in  all  those  three  modes  of  acting,  the  vmm/MoJte  effort  ^ 
which  energy  is  exei-ted  by  the  water  on  the  engine  is  a  ^reuurt 
between  a  certain  layer  of  the  water  and  the  surface  of  a  moving 
piece,  whether  a  bucket,  a  piston,  a  vane,  or  another  fluid  mass 
which  that  layer  of  water  drives  before  it;  and  the  original  cause  of 
that  effort  is  the  weigkL  of  the  descending  stream.  The  distinction 
set  forth  arises  in  the  nature  of  the  process  whereby  the  weight 
causes  the  pressure. 

I.  When  the  water  is  said  to  act  hy  tveightf  portions  of  it  are 
f>oured  into  buckets,  and  the  pressure  by  wUch  each  bucket  is 
diiven  is  the  direct  effect  of,  and  simply  equal  to  the  weight  of  the 
^water  contained  in  the  bucket,  and  acts  vertically  downwards,  its 
resultant  ti'aversing  the  centre  of  gravity  of  the  mass  of  water  in 
•the  bucket 

Waste  of  energy  may  occur  in  this  case  through  spilling  of  the 
-water  from  the  buckets  during  their  descent,  or  through  the  remain- 
ing of  water  in  the  buckets  during  their  ascent  The  latter  cause 
of  waste  of  energy  ought  not  to  operate  to  any  sensible  amount 
in  a  well  designed  machine.  The  former  ought  to  be  reduced  to 
as  small  an  amount  as  possible. 

II.  When  the  water  is  said  to  act  by  preastire,  the  pressure  which 
■drives  the  piston  or  vane  acted  upon  is  not  simply  the  effect  of  tbe 
weight  of  a  portion  of  water  descending  along  with  it,  but  is  the 
•effect  of  the  weight  of  some  more  or  less  distant  mass  of  water 
transmitted  through  an  intervening  mass,  and  altei-ed  to  any  ex- 
fteut  in  direction  and  in  the  velocity  of  its  action. 

IIL  When  the  water  is  said  to  act  by  imjmUe,  its  weight,  either 
directly,  or  through  intervening  pressure,  is  allowed  to  act  freely  to 
such  an  extent  as  to  produce  a  jet  or  current  of  a  certain  velocity, 
whose  particles,  coming  in  contact  with  a  float  board  or  vane,  or 
*  another  fluid  mass,  have  that  velocity  either  diminished  or  taken 
Away ;  and  during  that  operation  they  exert  a  pressure  against  the 
float  board  or  vane,  or  the  driven  mass  of  fluid,  proportional  to  the 
momentum  which  is  taken  away  from  them  in  eaich  second. 
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CHAPTER  IIL 

OF  WATEB  BUCKET  ENQIKES. 

101.  The  iTaicr  Backet  H«tot,  the  simplest  engine  driven  di- 
rectly hy  the  weight  of  water,  is  frequently  used  for  raising  waggons 
of  coal  and  other  materials  to  an  elevated  platform.    It  consists  of — 

L  A  strong  timber  frame,  supporting  at  the  top  one  or  more 
lai^  polleya 

IL  A  chain  passing  over  the  pulleys. 

IIL  A  cage  for  waggons,  hung  to  one  end  of  the  chain,  and 
moving  between  vertical  guides.  The  upper  and  lower  platforms, 
between  which  the  cage  travels,  should  be  provided  with  strong 
catches  to  fix  the  cage  at  the  higher  and  lower  levels  when  required. 

IV.  A  water  bucket,  hung  to  the  other  end  of  the  chain,  usually 
moving  between  vertical  guides,  and  having  a  valve  in  the  bottom, 
opening  upwards,  for  discharging  the  water.  This  valve  may  be 
made  self-acting,  by  making  its  spindle  project  downwards,  below 
the  bottom  of  the  bucket,  so  that  when  the  bucket  has  finished  its 
descent,  the  spindle  may  strike  upon  a  floor  and  lift  the  valve}  but 
in  some  cases  it  is  more  convenient  that  the  valve  should  be  opened 
by  hand.  Eectangular  wooden  buckets  are  used;  but  for  lightness 
and  strength,  the  best  material  is  sheet  iron,  and  the  best  shape  a 
cylindrical  body  with  a  hemispherical  bottom. 

V  A  reservoir  and  spout  for  filling  the  bucket  when  it  is  at  the 
higher  level  The  valve  of  the  spout  may,  if  required,  be  made 
seQ'-acting,  by  causing  it  to  be  opened  by  the  rising  and  shut  by  the 
falling  of  a  weighted  lever,  which  is  lifted  by  the  edge  of  the 
bucket  when  it  reaches  the  top  of  its  ascent,  held  up  until  &e  bucket 
is  full,  and  allowed  to  drop  when  the  bucket  begins  to  descend. 

YL  A  drain  or  tail  race,  to  carry  away  the  water  discharged 
from  the  bucket  at  the  lower  leveL 

y  IL  A  brake,  which  may  be  applied  to  one  of  the  pulleys. 

It  is  advisable,  for  safety's  sake,  in  most  cases,  to  enclose  the 
course  of  the  cage  and  that  of  the  bucket  in  light  wooden  casings. 

The  weight  of  the  imloaded  cage  ought  to  be  somewhat  in  excess 
of  that  of  the  empty  bucket,  added  to  the  friction  of  the  machine 
when  unloaded. 

The  weight  of  the  full  bucket  ought  to  be  somewhat  in  excess  of 
that  of  the  loaded  cage,  added  to  the  Mction  of  the  machine  when 
loaded. 


106  WATER  POWER  ASD  WCnO  POWER. 

The  friction  is  from  one-tenth  to  one-twentieth  of  the  gross  load. 

In  order  that  the  weight  of  the  chain  may  always  be  balanced, 
two  pieces  of  chain  with  their  lower  ends  lying  loose  on  the  ground 
are  hnng,  the  one  from  the  bottom  of  the  cage,  and  the  other  firom 
the  bottom  of  the  bucket. 

The  bucket  hoist  is  a  bulky  and  heavy  machine,  and  slow  in  its 
operation ;  but  from  its  great  simplicity,  it  is  easy  to  make,  main- 
tain, and  manage,  and  veiy  durable.  Its  reserroir  may  be  sup- 
plied by  a  natural  source,  where  one  is  available  ;  in  other  cases, 
water  may  be  raised  to  it  by  a  pump  worked  by  a  steam  engine. 
The  latter  combination  is  a  good  means  of  economizing  power  when 
heavy  loads  have  to  be  lifted  during  short  times  and  at  distant 
intervals.  During  the  intervals  when  the  hoist  m  standing  idle, 
the  steam  engine  is  still  storing  eneigy  by  pumping  water  into  the 
reservoir;  so  the  work  performed  by  the  hoist  during  a  few  hours 
of  each  day  may  be  distributed,  so  far  as  the  exertion  of  energy  by 
the  steam  engine  is  concerned,  over  the  whole  twenty-four  hours'; 
and  a  steam  engine,  quite  inadequate  to  lift  the  load  to  be  raiscHl 
directly,  may  thus  be  made  to  perform  the  whole  work  easily  by 
the  intervention  of  the  I'eservoir  and  hoist  as  means  of  storing  and 
restoring  eneigy. 

102.  ii«Mi  •€  Head  In  Backet  Haiiis. — ^The  actual  eneigy  with 
which  the  water  runs  from  the  reservoir  into  the  bucket,  and  from 
the  bucket  into  the  tail  race,  is  wholly  wasted  in  fluid  friction. 
Therefore  in  every  bucket  engine,  besides  the  fall  of  the  tail  race, 
there  is  a  loss  of  head  equal  to  the  height  of  the  surface  of  the 
water  in  the  i-eservoir  above  the  highest  level  of  the  surface  of  the 
water  in  the  bucket,  added  to  the  height  of  the  surface  of  the  water 
in  the  bucket  when  at  the  bottom  of  its  stroke  above  the  sur&ce  of 
the  water  in  the  tail  race ;  that  is,  the  depth  of  the  bucket  at  least. 
In  other  words,  while  the  total  head  is  the  elevation  of  the  top 
water  of  the  reservoir  above  the  outfall  of  the  tail  race,  the  avail" 
able  head  is  the  height  through  which  the  bucket  descends  only. 

103.  A  i^aabio  Actiag  Backet  Kagiae  has  sometimes  been  used, 
consisting  of  a  balanced  beam,  having  a  pair  of  equal  and  similar 
buckets  hung  to  its  two  ends,  which  rise  and  flEdl  alternately.  Each 
bucket,  on  arriving  at  the  top  of  its  stroke,  is  filled  with  water  by 
a  spout  from  a  reservoir,  with  a  valve  which  is  opened  and  closed 
by  the  mechanism.  On  arriving  at  the  bottom  of  its  stroke,  each 
bucket  is  emptied  through  a  self-acting  valve  in  its  bottom  into  the 
tail  race.  Thus,  as  in  the  bucket  hoist,  the  buckets  descend  fiill 
and  ascend  empty;  and  the  energy  due  to  the  descent  of  the  water 
in  them  is  employed  to  work  pumps,  or  otherwise. 

The  chief  advantage  of  this  kind  of  machine  is  its  adaptation  to 
regions  where  only  rude  workmanship  can  be  obtained. 
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CHAPTER  IV. 

OV    WATEB    PKESSUBE    BH01KE& 

Section  1. — General  Principles, 

104  iPam  •r  A  Water  PraMuw  BagiM. — In  a  water  pressure 
eDgine,  the  several  piincipal  parts  mentioned  in  Article  95  as  be- 
longing to  water  power  engines  in  general,  take  forms  suited  to 
tLat  dasa  of  engine. 

L  The  head  race  consists  of  a  supply  pipe  leading  from  a  reser- 
Toir  to  the  working  cylinder.  That  pipe,  together  with  the  reser- 
voir, constitute  what  is  called  the  pressure  column.  Besides  the 
r^^olator,  to  be  presently  mentioned,  there  should  be  a  stop  valve 
or  sluice  at  the  upper  end  of  the  supply  pipe,  in  or  close  to  the 
reservoir,  so  that  in  the  event  of  an  accident  occurring  to  the  supply 
pipe,  the  current  of  water  may  be  prevented  from  entering  it. 
There  should  also  be  a  grating  to  prevent  the  entrance  of  solid 
bodies  from  the  reservoir. 

All  water  contains  air  diffused  through  it,  and  most  water  con- 
tains sediment.  If  there  are  sununits  and  hollows  in  the  course  of 
the  supply  pipe  (which  is  often  of  great  length),  the  air  collects  at 
the  former  and  the  sediment  at  the  latter.  There  should  be  a  cock 
at  the  up])er  side  of  each  summit  in  the  course  of  the  pipe,  for 
blowing  off  air,  and  at  the  lower  side  of  each  hollow  for  blowing  ofiT 
sediment. 

n.  The  bye  wash  has  no  peculiarities  arising  from  the  dass  of 
enginesL 

in.  The  regidator  is  a  valve  of  one  or  other  of  certain  kinds  to 
be  afterwards  mentioned,  which  are  capable  of  being  adjusted  to 
any  required  extent  of  opening. 

rV.  The  engine  proper  consists  of  a  piston  moving  in  a  cylinder^ 
together  with  the  valves  for  admitting  and  discharging  the  water 
from  the  cylinder.  The  engine  is  single  acting  or  double  acting 
according  as  the  water  acts  on  one  fiice  of  the  piston  only  or  on 
^ach  &oe  alternately. 

The  valves  are  sometimes  worked  by  hand,  in  which  case  the 
nme  valve  may  act  as  the  regulator  and  the  admission  valve, — 
sometimes  by  mechanism  directly  driven  by  the  piston  of  the 
engine, — and   sometimes   by  a  small   auxiliary  water   pressure 
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The  place  of  the  piston  is  sometimes  supplied  by  a  miuss  of  air 
in  which  case  the  alterations  of  volume  of  that  air  require  to  b< 
taken  into  account. 

V.  The  tail  reuse  consists  of  a  discharge  pipe,  whose  final  outlet 
may  be  either  at,  below,  or  above  the  level  of  the  cylinder. 

105.  flaciioa  Pipe. — ^The  pressure  of  the  water  at  the  outlet  oi 
the  discharge  pipe  is  equal  to  that  of  the  atmosphere,  added  to  thai 
due  to  the  depth  at  which  the  water  outside  the  pipe  stands  abov< 
that  outlet;  so  that  when  the  outlet  is  below  the  level  of  the  piston 
the  pressure  within  the  upper  end  of  the  discharge  pipe,  and  in  the 
cylinder  wliile  the  water  is  being  discharged,  may  be  less  than  tin 
atmospheric  pressure.  In  this  case,  the  discharge  pipe  is  called  a 
suction  pipe,  and  the  pi-essure  at  its  upper,  end  is  described  b^; 
stating  hy  how  mucJi  it  is  below  tlie  atmospheric  pressu/rcy  either  in 
pounds  on  the  square  inch  or  square  foot,  or  in  feet  of  water,  and 
that  deficiency  of  pressure  is  conventionally  called  so  many  pounds 
on  the  inch  or  foot,  or  so  many  feet,  "  of  vacuum.^*  Thus,  if  the 
atmospheric  pressure  is  14*7  lbs.  on  the  square  inch,  being  equi^ 
valent  to  33*9  feet  of  head  of  water,  and  the  absolute  pressure  in 
the  cylinder  during  the  discharge  is  two  lbs.  on  the  square  inch, 
being  equivalent  to  4*6  feet  of  head  of  water,  that  pressure  is 
described  as  12*7  lbs.  on  the  square  inch,  or  29*3  feet,  of  wzcuum. 
This  mode  of  expression  has  been  adopted  on  account  of  the  prac- 
tical convenience  of  reckoning  pressures  from  that  of  the  atmo- 
sphere as  an  arbitrary  zero. 

The  absolute  pressure  against  the  piston  during  the  discharge  is 
equal  to  the  atmospheric  pressure,  added  to  the  pressure  required 
to  ovei'come  the  resistance  of  the  discharge  pipe,  less  the  pressure 
due  to  the  elevation  of  the  upper  surface  of  the  water  beneath  the 
piston  above  the  bottom  of  the  fidL     There  never  acts  in  water,  at 
all  events  in  agitated  water,  negative  pressure  (that  is,  tension)  to 
an  amount  appi'eciable  in  practice;  ^erefoi^,  the  height  of  the 
upper  surface  of  the  water  beneath  the  piston  can  never  be  greater 
than  the  head  due  to  the  atmospheric  pressure,  added  to  the  head 
lost  in  overcoming  the  friction  in  the  discharge  pipe.     Should  the 
height  of  the  piston  itself  above  the  bottom  of  the  fidl  be  greater 
than  this,  the  water  in  the  cylinder,  on  the  opening  of  the  dischax^c 
%'alve,  will  not  continue  in  contact  with  the  piston,  but  wiU  sud- 
denly drop  down  to  the  level  given  by  the  principle  just  stated, 
leaving  between  itself  and  the  piston  what  is  commonly  called  a 
"  vacuum  "  or  "  empty  space,"  being  in  reality  a  space  filled  with 
rare  vapour.     The  height  of  that  space  is  so  much  head  lost;  its 
existence  tends  to  make  the  piston  leak,  and  its  periodical  empty- 
ing and  filling  is  accompanied  by  shocks  or  abrupt  motions  in  the 
water,  which  tend  to  injure  and  wear  out  the  machine;  therefore^ 
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its  formation  ought  to  be  avoided ;  and  for  that  purpose  the  height 
of  the  pigton  above  the  bottom  of  the  fall  ought  never  to  be  greater 
tban  that  due  to  the  least  atmospheric  pressure  and  the  resistance 
of  the  discharge  pipe.  Now,  the  water  in  the  discharge  pipe  is  some- 
times at  rest,  and  then  the  resistance  is  nothing;  so  that  we  arrive 
finally  at  this  rule: — T/ie  greatest  height  of  the  piston  above  tlie 
bottom  qftJie  /all  ought  net  to  exceed  the  liead  ofvxUer  equivalent  to 
the  least  aimosplieric  pressure  in  tlie  locality, 

106.  The  i^coat  AtiMosphcric  Prcaaare  at  the  level  of  the  sea  is 
ahout  28  inches  of  mercury,  or  13*75  lbs.  on  the  square  inch,  or 
31  -7  feet  of  water. 

The  ratio  in  which  the  least  atmospheric  pressure  is  less  than 
the  above  amount  at  a  given  elevation  {z)  above  the  level  of  the 
s€a,  is  computed  with  sufficient  exactness  for  practical  purposes  by 
the  following  formula,  in  which  p^  is  the  pressure  at  the  level  of 
the  sea,  and  p^  the  pressure  at  the  elevation  of  z  feet : — 

^<«g=TO-6' 0-) 

In  the  absence  of  tables  of  logarithms,  the  following  formula, 
deduced  from  one  proposed  by  Mr.  Babinet,  is  approximately 
correct,  for  heights  not  exceeding  3,000  feet : — 

p^  __  52400  -  z  . 

Po  ~  52400  +  z ^^ 

When  the  height  exceeds  3,000  feet,  divide  it  into  a  series  of  stages, 
<iach  not  exc^ing  3,000  feet  in  height;  calculate  the  ratio  of  the 
pressures  at  the  top  and  bottom  of  each  stage,  and  multiply 
together  the  several  lutios  so  found  for  the  ratio  of  the  pressures  at 
the  top  and  bottom  of  the  entire  height 

For  moderate  heights,  the  following  rule  is  sufficient : — deduct 
from  the  pressure  one-hundredth  paai  of  itself /or  each  262  /eet  of 
devaiianm 

107.  Szp«iasl«n  mf  Water  hj  Heat — ^Apprazlmate  Fonaala— €oa^ 
pwiMa  af  Vait*  af  Presmire. — It  is  seldom  necessary  in  calculations 
eoDuected  with  water  pressure  engines  to  take  into  account  the 
expansion  of  water  by  heat;  but  in  the  event  of  its  being  at  any 
time  requisite  to  do  so,  the  following  formula,  although  only  a 
rough  approximation  in  a  scientific  point  of  view,  is  sufficiently 
accurate  for  the  practical  purpose  in  question,  and  is  extremely 
convenient,  from  the  ease  and  rapidity  with  which  its  results  can 
be  computed,  especially  when  a  table  of  reciprocals  is  at  hand  : — 

Let  I>«  s  62*425  lbs.  to  the  cubic  foot^  be  the  maximum  density 
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of  water;  Dj  its  density  at  a  given  temperature  of  T*  on  FaLren- 
heit*8  scale;  then 

Dinearly  =  ^^^g^6 ggq— 

At  212**,  this  formula  gives  too  great  a  result  by  about  jl^;  at 
lower  temperatures  its  errors  are  much  smaller. 

CoKPARisoK  OP  Heads  op  Water  ik  Feet  with  Pressures  ix 
Various  Units. 

One  foot  of  water  at  39**-i  Fahr.  =  62-425    lbs.  on  the  square  foot, 
J,  „  o'4335  lbs.  on  the  square  incb. 

^j  „  0*0295  atmosphere, 

jj  ,,  0*8826  inch  of  mercury  at  32^ 

r  feet  of  air  at  32°,  and 
»»  "  ' '3'3  (      1  atmosphere. 

One  lb.  on  the  square  foot, 0*01602  foot  of  water. 

One  lb.  on  the  square  inch, 2  '307      feet  of  water. 

One  atmosphere  of  2  9  '9  2  2  inches  ) 

ofmeitniry, |    33  9  «         „ 

One  inch  of  mercury  at  32°, i*i33  ys        n 

One  foot  of  air  at  32^  and  one  )    ^.^ 

atmosphere, J  ^"^      "        " 

One  foot  of  average  sea  water, 1*026        foot  of  pure  water, 

107  A.  PrcMaro  Cteage*  —  Tacanm  OaagM. —  Instruments  for 
indicating  the  intensity  of  the  pressure  of  a  fluid  contained  in  a 
close  vessel  are  called  "pressure  gauges,"  or  "vacuiun  gauges," 
according  aa  they  show  how  much  that  pressure  is  above  or  how 
much  it  is  below  that  of  the  atmosphere.  Frequently  the  same 
instrument  answers  both  those  purposes.  Of  this  an  example  has 
already  been  given,  in  the  Indicator  (Articles  43, 44),  which  can  be 
applied  to  water  pressure  engines  as  well  as  to  the  steam  engine. 
The  following  are  three  examples  of  other  kinds  of  gauges  : — 

I.  The  mercurial  pressure  gauge  is  the  most  exact  for  scientific 
purposes.  It  consists,  like  a  siphon  barometer,  of  an  inverted 
siphon,  or  U-shaped  tube,  the  lower  part  of  which  contains  mer- 
cury, and  whose  vertical  legs  have  a  scale  attached  alongside  of 
them,  divided  either  into  inches  and  decimals,  or  divisions  corre- 
sponding to  pounds  on  the  square  inch,  or  other  convenient  units  of 
pressure.  One  leg,  by  means  of  a  brass  nozzle,  communicates  with 
the  vessel  within  whidi  the  fluid  is  contained;  the  other  is  open  to 
the  air.     The  mercuiy  stands  lowest  in  that  leg  in  which  the 
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fjiuabmo  om  its  upper  surface  is  most  intense;  and  the  difference  oi 
lerel  of  the  mercury  in  the  two  legs  indicates  the  difference  between 
the  pressure  in  the  vessel,  and  the  atmospheric  pressure. 

To  determine,  if  reqiured,  the  absolute  pressure  within  the  vessel, 
the  absolute  pressure  of  the  atmosphere  at  the  time  of  observation 
may  be  ascertained  by  means  of  an  ordinaiy  barometer. 

Sfercurial  vacuum  gauges  are  sometimes  used,  which  indicate 
directly  the  absolute  pressure  within  a  vessel,  by  being  constructed 
exactly  like  a  barometer,  having  the  leg  containing  tilie  mercurial 
column  that  balances  the  pressmre  to  be  measured  dosed  hermeti- 
cally at  the  top,  with  a  Torricellian  vacuimi  above  the  mercury, 
produced  in  the  usual  way,  by  inverting  the  tube  and  boiling  the 
mercury  in  itb 

It  is  necessaiy  to  accurate  measurement,  that  the  scales  of  mer- 
cvmal  pressure  gauges  should  be  exactly  verticaL 

The  relations  stated  in  Articles  6  and  107  between  inches  of 
mercury  and  other  units  of  intensity  of  pressure,  have  reference  to 
a  temperature  of  32°  Fahrenheit  For  any  other  temperature,  T°, 
on  Fahrenheit's  scale,  let  K  be  the  observed  height  of  a  merciuial 
column,  and  h  the  corresponding  height  reduced  to  32°;  then 

*'  (1.) 


1  +  0-0001008  (T°  -  32°) 


IL  The  air  manometer  consists  of  a  long  vertical  glass  tube, 
closed  at  the  upper  end,  open  at  the  lower  end,  containing 
air,  provided  with  a  scale,  and  immersed,  along  with  a  thermo- 
meter, in  a  transparent  liquid,  such  as  water  or  oil,  contained  in  a 
.^^trong  cylinder  of  glass,  which  communicates  with  the  vessel  in 
^bich  the  pressure  is  to  be  ascertained.  The  scale  shows  the 
volume  occupied  by  the  air  in  the  tube. 

Let  Vq  be  that  volume,  at  the  temperature  of  32°  Fahrenheit,  and 
mean  pressure  of  the  atmosphere  Pq\  let  v^  be  the  volume  of  the  air, 
at  the  temperature  T°,  and  under  the  absolute  pressure  to  be 
measured,  o^;  then 

_(T°.f461°)yot>o 
^1 493° -t;!       ^^-^ 

IIL  Bourdon^ 8  gauge  is  the  most  useful  yet  known  for  practical 
Purposes.  Its  ordinaiy  construction  is  represented  in  ^,  26.  A  is 
a  cock,  communicating  with  the  vessel  in  which  the  pressure  is  to 
be  measured.  BB  is  a  curved  metalHo  tube,  communicating  with 
A  at  one  end,  and  closed  at  the  other.  The  cross-section  of  this 
tube  is  of  the  flattened  form  represented  in  fig.  27,  and  its  greatest 
breaidth  ha  in  the  direction  perpendicular  to  the  plane  in  which  the 
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Fig  27. 
dosed  end  of  the 


tiibe  is  curved.    When  the  pressure  within  the  tube  is  graater  tha: 
the  pressure  without,  the  tube  becomes  less  curved;  when  th 

pressure  without  i 

the  greater,  it  be 

comes  more  curved 

The  motions  of  th* 

tube  are  communi 

cated  either  through  the  link  C  D,  anc 

lever  D  E,  or  by  means  of  wheel- work 

to  the  index  E  F,  which  points  to  i 

graduated  arc.     The  positions  of  the 

graduations  on  the  arc  are  fixed  b\ 

comparison    either   with   a  mercuriaJ 

gauge  for  moderate  pi'essures,  and  an 

air  manometer  for  very  high  pressures, 

or  with  another  Bourdon's  gauge  known 

to  be  correctly  graduated. 

These  gauges  can  be  made  of  any 
required  degree  of  sensibility,  so  that 
some  are  suited  to  measure  pressuri'si 
of  less  than  one  atmosphere,  and  others 
to  measure  pressures  of  several  thousand  lbs.  on  the  squai*e  inch 
T^eir  mechanism  is  usually  contained  in  a  cylindrical  bnuss 
box,  and  the  dial  plate  and  index  are  protected  by  a  plate  of  gla^ss. 
They  can  be  screwed  in  every  required  position  upon  machines 
acting  by  the  pressure  of  fluids. 

108.  Fixing  Diameter  of  ilappir  Pipc* — In  designing  a  water 
pressure  engine,  it  is  often  necessary  to  fix  the  diameter  of  the 
supply  pipe  so  that  it  shall  deliver  a  given  number  of  cubic  feet  of 
water  per  second  with  a  loss  of  head  not  exceeding  a  given  limit. 

Let  h  denote  the  prescribed  greatest  loss  of  head,  in  feet.  This 
must  correspond  to  the  greatest  velocity,  and  therefore  to  the 
greatest  flow,  through  the  supply  pipe. 

Let  Q  be  the  number  of  cubic  feet  of  water  required  by  the 
engine  per  second,  and  Q'  the  greatest  flow  per  second  through  the 
supply  pipe.  Then  if  the  piston  moves  for  a  considerable  period 
with  a  continuous  motion  in  one  direction  (as  in  hydraulic  hoists), 
if  the  engine  is  double  acting,  with  an  uniformly  moving  piston,  or 
if  it  has  a  pair  of  single  acting  cylinders  with  pistons  moving  alter- 
nately and  uniformly, 

(y=Q  nearly; (1.) 


Fig.  26. 


If  the  engine  drives  a  rotating  crank  shaft, 
Q'  =  1-57  Q  nearly; 


.(lA.) 
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if  the  engine  has  only  one  single  acting  cylinder,  and  Q  is  reckoned 
per  9oamd  of  the  %ohoU  time  occupied  by  tiie  piston  in  descending  as 
vdlasinriding,  the  water  stands  still  in  the  supply  pipe  while  the 
piston  is  descending,  and,  therefore,  in  this  case, 

Cy  =  2  Q  nearly.... (2.) 

It  has  already,  been  stated,  in  Article  99,  that  the  loss  of  head 
in  a  stmight  pipe  is  given  by  the  fonnula 

*  =  ^-6F4' • -(^^ 

{ being  the  length,  b  the  circumference,  A  the  sectional  area,  d  the 
diameter  in  feet,  and 

/=0O05(l/j.y (4.) 

.Ad 
In  a  cylindrical  pipe  of  the  diameter  ^j  -r  =  -rl  ^^^9  thereforo- 

the  ec^uations  3  and  4  may  be  reduced  to  the  following  form  : — 

d       644' ^   ' 

>/=  0-02  (l  +  ji^). (6.) 

Kofv  A  s=  •  7854  rf*;  and,  therefore,  the  velocity  in  the  pipe  haft< 
the  following  value : — 

*";  a"  -7854  .c/2' ^^•) 

and  the  height  due  to  the  velodly, 

64-4  "39^73^' ^^^' 

vhichy  being  introduced  into  equation  5,  gives 

*  39-73«i5' V9> 

tnd  oonaequently 

^■-<^'W^' po); 

In  this  fonnula,  the  co-efficient  of  friction,^  depends  on  the  diameter^ 
S  being  the  quantity  sought     It  is,  therefore,  necessaiy  to  assume 

1 


114  WATER  POW£B  AbO}  WIHO  FOWSB. 

in  the  first  place  an  approximate  yalue  iae  ^  f»  The  vBlne  com- 
monly ^^»"">^  is 

0-0258, 

vhich  gives^  for  the^a^  cyoprooeimcUion  to  the  diameter  of  the  pipe» 

c?  =(o-00065^)*=  0-2304  (^-^)* (11.) 

The  approximate  diameter  thus  found  is  to  be  substituted  in  eqna« 
tion  6,  to  find  a  corrected  value  of  4  yj  which  being  employed  in 
equation  10,  gives  a  second  approximation  to  the  diameter  of  the 
pipe;  and  this  is  almost  always  sufficiently  accurate. 

To  provide  for  unforeseen  causes  of  increased  resistance,  sucli  as 
tlio  deposit  of  a  crust  in  the  pipe,  it  is  customary  to  add  one-sixth, 
or  thereabouts,  to  the  diameter  given  by  the  preceding  formulse  ; 
but  however  large  the  pipe  may  be,  one  inch  is  a  sufficient  addi- 
tion for  this  purpose.  The  diameter,  though  computed  in  feet,  is 
commonly  reduced  to  inches  when  mentioned  in  a  specification  or 
written  on  a  drawing. 

The  pipe  is  supposed,  in  this  Article,  to  have  what  it  ought 
always  to  have,  a  mouthpiece  at  its  upper  end,  of  the  form  of 
the  contracted  vein,  whose  resistance  is  nearly  insensible  (Article 
99). 

The  formula  for  the  fiiction  of  water  in  pipes,  which  is  that  of 
M.  Darcy,  is  founded  on  the  experiments  recoried  in  his'  tsmiise, 
Du  Mouvement  de  VEau  dans  Us  Tuyauoo,    (See  page  559.) 

When  there  are  several  different  causes  of  loss  of  head,  proceed 
as  follows : — 

Assume  a  diameter  d!,  fi*om  which,  by  equation  7,  compute  the 
velocity  v'  corresponding  to  the  required  flow  Q'.  From  that  velo- 
city compute  by  the  formulce  of  Article  99  the  total  loss  of  head 
K  corresponding  to  the  assumed  diameter.  If  this  differs  fLx>m  the 
assigned  loss  of  head  A,  the  required  effective  diameter  (2  is  to  be 
computed  by  the  formula — 

''-'^"(^^ (12.) 

and  the  actual  diameter  is  to  be  made  one-sixth  greater  than  this 

effective  diameter,  if  the  latter  does  not  exceed  six  inches;  but  if  it 

does  exceed  six  inches,  then  the  actual  diameter  is  to  be  one  inch 

greater. 
11 

li  .-  is  a  ratio  differing  little  from  unity,  then 
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ei  =  «f{n-J(|-l)}iieaxly. (12  a.) 

109.  B«Det  of  the  Beguiatwr. — Let  A  be  the  sectional  area  of  the 
snpplj  pipe;  a  the  area  of  the  opening  of  the  regulator^  when  par- 
tiallj  closed;  c  the  co-efficient  of  contraction  of  that  opening, 
as  to  whose  values  for  different  openings,  see  Article  99.  Then  by 
comparing  equations  12  a  and  13  of  Article  99  together,  it  appears 
that  for  equal  velocities  of  flow  in  the  same  supply  pipe,  the 
resistanoe  is  increased  by  the  partial  closing  of  the  regulator  in  the 
proportion — 


A         \€a      /A  /bl 


i...(i.) 


vS 


=  (for  a  cylindrical  pipe)  1  +  t-th :  !• 

Let  this  be  expressed,  for  brevity's  sake,  by 

1  +  71  :  1. 

This  increased  resistance  may  take  effect  either  in  increasing  the 
lo68  of  head,  or  in  diminishing  the  flow,  or  in  both  ways  at  once ; 
hut  in  any  case,  if  Q^  represents  the  flow  and  h^  the  loss  of  head, 
▼ith  the  pipe  uninteirupted,  and  Q^  the  flow  and  i^  the  loss  of 
head,  with  the  regulator  partially  closed;  then 

^  =  ^+"==^  =  1 (^•> 

The  same  principle  may  also  be  expressed  in  the  following  way : — 
let  tJQ,  u^,  be  the  eflective  mean  speed  of  the  piston  of  the  engine 
corresponding  to  the  dischaiges  Qo,  Q^ ;  then 

1   :!  +  «::  ^  :  ^. (3.) 

It  ia  better  for  economy  of  power  that  the  contraction  of  the  regu- 
ktor  should  take  effect  by  diminishing  the  speed  of  the  engine  than 
hy  increasing  the  loss  of  head;  for  the  volume  of  water  whose 
pMsage  is  prevented  by  a  diminution  of  speed  can  be  stored  in  the 
'^oir  for  future  use;  but  an  increased  loss  of  head  gives  rise  to 
^  inetrievable  waste  of  energy. 
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110.  Actioa  of  the  Water  on  the  Ptetoa. — In  a  siiigle  acting  en- 
gine, let 

H^  denote  the  height  of  the  top  of  the  fall  above  the  mean  level 
of  the  f&ce  of  the  piston^  the  action  of  the  water  on  which  is  under 
oonsideration; 

h^f  the  loss  of  head,  by  the  friction  of  the  water  in  the  sappl  v 
pipe,  regulator,  valve  ports,  and  cylinder; 

Q,  the  mean  flow,  in  cubic  feet  per  second; 

D,  the  weight  of  one  cubic  foot  of  water; 

A,  the  area  of  the  piston,  in  square  feet; 

Pu  the  mean  intensity  of  the  effort  exerted  by  the  water  on  the 
piston  during  the  forward  stroke,  in  lbs.  on  the  square  foot; 

ii,  the  mean  velocity  of  the  piston,  in  feet  per  second ; 

J^,  the  co-efficient  of  friction  of  the  piston  and  mechanism^  so 
that  (1  -/v")pi  is  the  intensity  of  the  usefid  load;  then 

p,=i)iii,-h,)i (1.) 

Api  =  D  (Hj  -  ^  A  =  total  effort  of  the  water  on  the 

piston; (2.) 

2Q 

«=X' <3) 

energy  is  exerted  by  the  water  on  the  piston  during  the  forward 
8tix>ke,  at  the  mean  rate  of 

«  Ajpi  =  2  D  Q  (Hi-Ai)  ft.-lb.  per  second ;....... (4.) 

and  «tf^  ta>r^  p«^/brwiec?,  at  the  rate  of 

(l-A'>AjPi  =  2(1-^0  I>.Q(Hi-Ai). (5.) 

The  value  of  k*,  from  experiments  of  the  Messrs.  More  and  the 
Author,  is  about  yj-  for  ordinaiy  packing. 

Further,  let 

Hj  be  the  mean  height  of  the  face  of  the  piston  above  the  bot- 
tom of  the  fall  (not  exceeding  31-7  leet). — If  the  bottom  of  the  fall 
is  above  the  mean  level  of  the  piston  &ce,  H^  is  to  be  made  ne- 
gative; 

^2,  the  loss  of  head  in  the  discharge  pipe  and  valves ; 

Po,  the  mean  intensity  of  the  effort  exerted  on  the  piston  during 
the  back  stroke;  then 

Pj  =  D(H2-A^; ,..(6.) 

^  Ajp,  =  D(H,-/gA (7.) 
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If  Hj  18  less  than  A^,  or  negative^  these  expressions  become  nega- 
tive, and  represent  resistcmce  exerted  bj  the  water  agamst  the 
piston. 

Puling  the  return  stroke  eneigy  is  exerted  on  the  piston  at  the 
mean  rate  of 

u  JLp^  =  2  D  Q  (H, -/tj)  ft.-lb.  per  second (a) 

If  this  expression  is  negative,  it  represents  toark  last  in  forcing  the 
water  out  of  the  cylinder. 

Finally,  taking  the  mean  of  the  expressions  4  and  8,  we  find  for 
the  whole  eneigy  exerted  by  the  water  on  the  piston,  per  second — 

=  DQ(H-A); (9.) 

H  =  H,  +  Ho  being  the  total  fall,  and 
A  =  Aj  +  /<{  the  totd  loss  of  head; 
while  the  usefiil  work  per  second  is 

(l-^DQ(H-A), (10.) 

«nd  the  combined  effideiu^  of  the  &11  and  engine — 

^±zK)^ (11.) 

This  varies,  in  different  cases,  from  about  0-67  to  about  0*8. 

Section  2.-0/  Valves. 

111.  TalTM  ta  Oeacni,  considered  with  reference  to  the  means 
by  which  they  are  moved,  may  be  divided  into  three  principal 
classes: — Yalves,  sometimes  called  dcicks,  which  are  opened  and 
akut  by  the  pressure  of  the  fluid  that  traverses  their  openings,  and 
are  usually  intended  for  the  purpose  of  permitting  the  passage  of 
the  fluid  in  one  direction  only,  and  stopping  its  return; — ^vuves 
moTcd  by  hand; — and  valves  moved  by  mechanism.  When  a  pis- 
ton drives  a  fluid,  as  in  ordinary  pumps,  the  valves  are  usually 
moved  by  the  fluid :  when  the  fluid  drives  the  piston,  it  is  in 
general  neoesaaiy  that  the  valves  should  be  moved  by  hand  or  by 
mechanism.  In  water  pressure  engines  that  work  occasionally  and 
tit  irregular  intervals,  such  as  hydraulic  hoists  and  cranes,  the 
Talves  are  usually  opened  and  shut  by  hand ;  in  those  which  work 
periodically  and  continuously,  they  are  moved  by  mechanism  con- 
nected with  the  engine. 
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Safety  vnlreB  for  pennittijag  a  fltiid  to  escape  from  a  vcwel  when 
the  preasore  tends  to  rise  above  the  limit  of  safety,  belong  to  the 
class  that  are  moved  bj  the  fluid.  Begulating  valves  are  adjusted 
either  by  hand,  or  by  means  of  a  governor. 

The  SEAT  of  a  valve  is  the  fixed  surface  on  which  it  rests,  or 
against  which  it  pi*esses. 

The  FACE  of  a  valve  is  that  part  of  its  surface  whidi  comes  in 
contact  with  the  seat 

When  a  valve  occurs  in  the  course  of  a  pipe  or  passage,  the  valve 
box  or  chamber,  being  that  part  of  the  passage  in  which  the  valve 
works,  should  always  be  of  such  a  shape  as  to  allow  a  free  passage 
for  the  fluid  when  the  valve  is  open,  so  that  the  fluid  may  pass  the 
valve  with  as  little  contraction  of  the  stream  as  possible;  and  if 
necessary  for  that  purpose,  the  valve  chamber  may  be  made  of 
larger  diameter  than  the  rest  of  the  passage. 

The  usual  materials  for  valves  and  their  seats  are  iron,  bronze, 
brass,  hardwood,  leather,  india  rubber,  and  gutta  percha. 

When  a  valve  and  its  seat  are  both  of  metal,  they  should  be  of 
the  same  metal;  for  when  they  are  of  diflerent  metals,  a  galvanic 
action  takes  pkce,  which  causes  one  or  other  of  them  to  be  oor< 
roded. 

In  water  pressure  engines  and  pumps,  the  best  material  for  the 
seats  of  metal  valves  is  some  hard  wood,  such  as  elm  or  lignum 
vitee,  the  fibres  being  set  endways,  and  constantly  wet. 

India  rubber  and  gutta  percha  being  dissolved  or  softened  by 
oils,  whether  fiitty  or  bituminous,  are  unsuitable  materials  ibr 
valves  to  which  those  fluids  have  access. 

112.  The  BoHnei  TaWe  or  Conical  Talve  is  a  flat  or  slightly 
ai-ched  circular  plate  of  metal,  whose  face,  being  formed  by  its  rim, 
is  sometimes  a  frustum  of  a  cone,  and  some- 
times a  zone  of  a  sphere,  the  latter  figure  being 
the  best  Its  seat,  being  the  rim  of  the  drculai* 
orifice  which  the  valve  closes,  is  of  the  same 
^.    jg  figure  with  the  fece  or  rim  of  the  valve,  and 

^'  the  valve  face  and  its  seat  are  turned  and 

ground  to  fit  each  other  exactly,  so  that  when  the  valve  is  closed 
no  fluid  can  pass.  The  thickness  of  a  valve  of  this  form  is  usually 
from  a  flfth  to  a  tenth  of  its  diameter,  and  the  mean  inclination  of 
its  rim  about  45^. 

To  insure  that  the  valve  shall  rise  and  fall  vertically  and  always 
return  to  its  seat  in  closing,  it  is  sometimes  provided  with  a  apindlei 
as  shown  in  fig.  28,  being  a  slender  round  rod  perpendicular  to  the 
valve  at  its  centre,  and  moving  through  a  ring  or  cylindrical  socket 
A  knob  on  the  end  of  the  spindle  prevents  the  valve  firom  rising  too 
high.     When  the  valve  is  to  be  moved  by  hand  or  by  mechanisn]^ 
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the  spindle  may  be  ccmtinued  throngh  a  stuffing  box,  and  connected 
with  a  handle  or  a  lever,  so  as  to  be  the  means  of  transmitting 
■kotioo  to  the  valve. 

When  the  valve  seat  is  at  the  upper  end  of  a  cylindrical  passage, 
■8  in  ordinary  safety  Talves,  the  place  of  the  spindle  is  often  sup- 
plied by  means  of  a  tadl,  which  will  be  described  in  the  next 
ArfcideL 

1 13L  The  c«HMMi  0«ite7  Wadre  nsed  for  steam  boilers  as  well  as 
iat  -water  pressure  engines,  is  a  bonnet  valve  loaded  with  a  weight 
eqval  to  the  greatest  excess  of  the  pressure  upon  each  area  equal  to 
tluit  of  the  valve  within  the  vessel  on  which  the  valve  is  fitted, 
ibore  the  pressure  of  the  atmosphere,  to  which  it  is  safe  to  subject 
that  vessel  during  its  ordinary  use. 

Sometimes  the  valve  has  a  vertical  spindle  rising  from  it,  moving 
in  guides,  and  loaded  directly  with  cylindrical  weights  which  rest 
on  a  cqUat  that  sorrounds  the  spindle. 


gy  ,.. 


Tig.  2a 


SometimeB  the  load  Is  applied  by  means  of  a  lever,  as  in  fig.  29, 
which  represents  a  section  of  the  valve  seat  and  valve,  and  an  ele- 
vation of  the  lever.  A  is  the  valve,  D  a  stud  or  knob  in  the  centre 
of  its  upper  side,  C  B  a  lever  jointed  to  a  fixed  fulcrum  at  C,  B  the 
weighty  which  can  be  shifted  to  different  positions  on  the  lever,  so 
as  to  vary  the  load  on  the  valve. 

The  intensity  of  the  effective  pressure  p  per  square  inch  neces- 
sary to  open  the  valve  is  given  as  follows: — ^Let  B  denote  the 
weight  applied  to  the  lever,  L  that  of  the  lever  itself,  G  C  the  dis- 
tance of  the  centre  of  gravity  of  the  lever  from  the  joint  0,  "W  the 
weight  of  the  valve,  A  its  area  in  square  inches;  then 


P 


-{ 


B  •  B  C  +  L  •  G  C 
DC 


W 


} 
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Fig.  81. 


Fig.  30  is  an  elevation  of  the  valve,  showing  the  tail  (Idready 
Tefened  to  in  tJie  last  Article),  by  which  it  is  guided  so  as  to  move 
vertically,  and  to  return  always  to  its  seat  Fig.  31  is  a  horisontai 
section  of  the  tail,  which  consists  of  three  vertical  riU 
or  "feathers,**  radiating  at  angles  of  120*".  Their 
outer  surfaces  or  edges  are  small  portions  of  a  verticd 
cylinder,  turned  to  fit  the  cylindrical  tube  on  which 
the  valve  is  placed  easily  but  not  too 
loosely. 

Modifications  of  the  safety  valve,  spo- 
cially  suited  to  steam  engines,  will  be  do 
scribed  under  the  head  of  that  okas  of 
prime  movers. 

114.  The  Ball  Clack  ^g.  32)  is  a  valve  of  the  form  of  an  accu- 
rately turned  sphere.     When  of  large  size,  it  is  in  general  hollow, 

in  order  to.  reduce  its  weight.  Its  face  is  its 
entire  surface :  its  seat  is  a  spherical  sone,  aa  in 
the  case  of  some  bonnet  valves  already  referred 
to.  As  the  ball  clack  fits  its  seat  alike  in  every 
position,  it  needs  neither  spindle  nor  tail;  but 
either  the  chamber  in  which  it  works  must  be  of 
such  a  shape  and  size  as  to  insure  its  always  fall- 
ing into  its  scat,  or  the  same  object  must  be 
efi^cted  by  means  of  wire  guards  enclosing  it,  as 
shown  in  the  figure.   The  latter  plan  is  the  better, 

as  it  is  the  more  likely  to  insure  that  there  shall  always  be  a  free 

passage  for  the  fluid  roimd  the  valve  when  open. 

115.  DirMed  Conical  YaiT«. — Bonnet  valvos  of  krge  size,  when 
working  under  high  pressures,  often  require  an  inconveniently 
great  amount  of  work  to  open  them,  and  shut  with  such  violence 

.as  to  cause  injurious  shocks  to  the  machine.  To  obviate  this  evil, 
a  valve  has  sometimes  been  used,  composed  of  a  series  of  concentric 
.rings.  The  largest  ring  may  be  considered  as  a  bonnet  valve,  in 
which  there  is  a  circular  orifice,  forming  a  seat  for  a  smaller  bonnet 
valve,  in  which  there  is  a  smaller  circular  orifice,  forming  a  seat  for 
a  still  smaller  bonnet  valve,  and  so  on.  This  arrangement  enables 
.a*  large  opening  for  the  passage  of  water  to  be  formed  with  a 
moderate  upward  motion  of  each  division  of  the  valve ;  and  conso- 
•quently  with  a  moderate  expenditure  of  work  to  open  it,  and  a 
moderate  shock  when  it  shuts. 

116.  The  poakif>-Brai  Taire  (an  invention  of  Messrs.  Harvey 
and  West)  is  the  best  contrivance  yet  known  for  enabling  a  large 
passage  for  a  fluid  to  be  opened  and  shut  easily  under  a  high  pres- 
sure. Fig.  33  reprosents  a  section  of  the  valve,  with  its  seats  and 
chamber,  and  fig.  34  a  plan  of  the  valve  alone. 
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The  valve  shown  in  the  figure  is  for  the  pui'poso  of  opening  and 
ahutting  the  communication  between  the  pipes  A  and  B. 


Fig.  34. 


F!g.  88. 


The  pipe  B  is  vertical,  and  its  upper  rim  carries  one  of  the  two 
valve  seats,  which  are  of  the  form  of  the  frustum  of  a  cone,  and 
each  marked  cl 

A  frame  C,  composed  of  radiating  partitions,  fixed  to  and  resting 
on  the  upper  end  of  the  pipe  B,  carries  a  fixed  circular  disc,  whose 
rim  forms  the  other  conical  valve  seat. 

The  valve  D  is  of  the  form  of  a  turban,  and  has  two  annular 
conical  fiices,  which^  when  it  is  shut,  rest  at  once  on  and  fit  equally 
close  to  the  two  seats  a,  a.  When  the  valve  is  raised,  the  fluid 
passes  at  once  through  the  cylindrical  opening  between  the  lower 
edge  of  the  valve  and  the  upjier  edge  of  the  pipe  B,  and  through 
the  similar  opening  between  the  upper  edge  of  the  valve  and  the 
rim  of  Uie  circular  disc. 

The  greatest  possible  opening  of  the  valve  is  when  its  lower  edge 
is  midway  between  the  disc  and  the  rim  of  the  pipe  B^  and  is  given 
by  the  following  formula : — 

Let 

<fj  be  the  diameter  of  the  pipe  B; 

d^  that  of  the  disc; 

Kj  the  clear  height  from  the  pipe  to  the  disc,  less  the  thickness  of 
the  valve; 

A,  the  greatest  area  of  opening  of  the  valve;  then 
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A  ^  3U16  ^4^2  .  i (1) 

and  in  order  that  this  may  be  at  least  eqnal  to  the  area  of  the  pipe 
B,  viz.,  '7854  c?J,  we  should  have 

'''''^='2Wfd^' ^'-^ 

which,  if  as  is  nsoal,  d^^^d^  gives 

h  at  least  =  ^; - _(2  A.) 

but  A  is  in  general  conaiderablj  greater  than  liie  limit  fixed  bj 
this  nde. 

If  the  upper  and  lower  seats  are  dT  equal  diameter,  the  Talve  ii 
little  affected  by  any  excess  of  pressure  diher  in  A  or  in  B ;  and  a 
force  a  little  exceeding  its  own  weigkl  is  gnfli«*tt  to  opea  it  It 
is  then  called  an  equilibrium  valve. 

If  the  diamet^  of  the  upper  seat  is  tiie  lesi^  an  aoBeesB  of  pres- 
sure in  A  over  B  tends  to  keep  it  shut^  and  an  exfiesa  cf  pressure 
in  B  over  A  to  open  it. 

K  the  diameter  of  the  upper  seat  is  the  greater,  an  excess  of 
pressure  in  A  over  B  tends  to  open  the  valve,  and  an  excess  of 
pressoxe  in  B  over  A  to  keep  it  shut.  This  arrangement  is  seldom 
used. 

In  each  case,  the  force  arising  from  difference  of  intensity  of 
pressure,  and  tending  to  open  or  shut  the  valve,  as  the  case  may 
be,  is  nearly  equal  to  that  difference  multiplied  by  the  difference 
between  the  area  of  the  pipe  B  and  that  of  the  ciroolar  disa 

The  equilibrium  valve  is  the  kind  of  double-beat  valve  most 
commonly  used  in  steam  engines.  In  water  pressure  engines, 
pumps,  and  hydraulic  apparatus  generally,  the  lower  valve  seat  is 
generally  made  a  little  laiger  than  the  upper. 

117.  ▲  wnm9  TalTv,  illustrated  by  fig.  35,  is  a  lid  which  opens 

and  shuts  by  turning  on  a  hinge.    The  hinge  may  either  be  a  metal 

joint,  or  may  be  provided  by  the  flexibility  of 

the  material  of  the  valve  itself,  when  that  is 

leather  or  india  rubber. 

-.      -  The  face  may  be  of  leather,  india  rubber, 

^'  or  metal;  in  the  last  case  the  face  and  seat 

should  be  carefully  scraped  to  true  planes. 

In  hydraulic  machines,  the  most  common  material  for  flap  valves 
is  leather,  which  should,  as  fJEu:  as  possible,  be  kept  constantly  wet. 
A  lai'ge  leather  flap  may  be  stiffened  in  the  middle  by  a  plate  of 
wood  or  metaL 
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A  pair  of  flap  valves  placed  hinge  to  hinge  (usually  made  of  one 
piece  of  leather  fsustened  down  in  ^e  middle)  constitute  a  ''butter- 
PLT  CLACK."  The  chamber  of  a  flap  valve  should  be  of  considerably 
peater  diameter  than  the  valve. 

118.  A  Flap  and  Graiias  Taire  consists  of  a  round  disc  of  water- 
proof canvas  or  of  india  rubber,  resting  on  a  flat  horizontal  grating, 
n*  on  a  plate  perforated  with  holes,  to  which  it  is  fastened  down  at 
the  centre,  being  left  loose  at  the  edgea  To  prevent  the  valve 
from  i-ising  too  high,  it  is  usually  provided  with  a  guard,  which  is 
%  thin  me^  cup  formed  like  a  segment  of  a  sphere,  grated  or  per- 
forated like  the  valve  seat,  to  which  it  is  bolted  at  the  centre, 
serving  also  to  fasten  the  valve  down  at  that  point.  The  cup 
should  have  a  metal  shoulder  at  its  base,  a  little  less  in  depth  than 
the  thickness  of  the  flap,  to  press  directly  against  the  seat,  so  that 
the  tension  of  the  bolt  may  not  be  brought  to  bear  on  the  flap^ 
which  would  be  unable  to  sustain  it.  When  the  valve  is  raised  by 
a  current  from  below,  it  applies  itself  to  the  bottom  of  the  cup. 
'VMien  the  current  is  reversed,  the  fluid  from  above,  pressing  on  the 
valve  through  the  holes  in  the  cup,  drives  it  down  to  its  seat  again. 

According  to  Mr.  Bourne,  valves  of  this  class,  when  made  of 
india  rubber,  may  be  about  six  inches  in  diameter  and  flve-eighths 
of  an  inch  thick.  They  are  adapted  to  large  pumps  by  mtdking 
them  Buficiently  numerou&  They  are  now  much  used  for  the  air 
pnmps  of  steam  engines,  in  which  the  pressure  they  have  to  sus- 
tain is  leas  than  one  atmosphera  It  is  probable  that  they  are  not 
eapaUe  of  bearing  veiy  high  pressures. 

119.  The  Dtee  aad  Pirat  Talva,  or  Th>attl«)  Talre,  OOnsists  of  a 

thin  flat  metal  plate  or  disc,  which,  when  shut,  flts  closely  the 
opening  of  a  pipe  or  passage,  generally  circular  in  section,  but 
Bometiines  rectangular.  The  valve  turns  upon  two  pivots  or 
joamals,  placed  at  the  extremities  of  a  diameter  traversing  its 
centre  of  gravity,  so  that  the  pressure  of  the  fluid  against  it  is 
j^alanced  about  its  axis  of  rotation,  and  the  valve  can  be  turned 
into  any  angular  position  by  a  force  sufficient  to  overcome  its 
uiction. 

When  the  valve  is  turned  so  as  to  lie  edgeways  along  the  pas- 
sage, the  current  of  fluid  passes  with  very  little  obstruction :  when 
it  is  turned  transversely,  the  current  is  stopped,  or  nearly  stopped. 
Bj  placing  the  valve  at  various  angles,  various  openings  can  be 
made.  If  the  valve,  when  shut,  is  perpendicular  to  the  axis  of  the 
inpe,  the  opening  for  any  given  inclination  of  the  valve  to  that 
uis  is  proportional  to  the  coversed-sine  of  Hie  indincUion.  If  the 
nlve  is  oblique  when  shut,  the  opening  at  a  given  inclination  is 
proportional  to  the  difference  between  the  sine  of  that  indinaUon 
and  the  eine  of  the  indinaUon  tohen  Aut. 
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.  The  face  of  this  valve  is  its  rim;  its  9e<U  is  that  part  of  th 
internal  surface  of  the  passage  which  the  rim  touches  when  tfa 
valve  is  shut;  and  those  siirfEbces  ought  to  be  made  to  fit  ver 
accurately,  without  being  so  tight  as  to  cause  any  difficulty  i 
opening  tiie  valve. 

One  of  the  journals  of  the  valve  usually  passes  through  a  bus! 
or  a  stuffing  box  in  the  pipe,  so  as  to  afford  the  means  of  oommv 
nicating  motion  to  the  valve  from  the  outside. 

It  is  difficult  to  make  valves  of  this  class  perfectly  water-tigbt  o 
steam-tight  without  too  much  impeding  their  motion.  They  ait 
therefore,  not  so  well  suited  for  stop  valves  as  for  regulatin 
valves,  and  for  the  latter  purpose  they  are  much  used,  both  i 
water  pressure  engines  and  in  steam  engines. 

Their  fonn  will  be  illustrated  in  the  figures  of  engines  of  wbic 
they  form  part. 

120.  8II40  Tolves. — ^The  8e(U  of  a  slide  valve  consists  of  a  plan 
metal  surface,  very  accurately  formed,  part  of  which  is  a  idm  sui 
rounding  the  orifice  or  port^  which  the  valve  is  to  close,  and  froi] 

•r  to  ^  of  the  breadth  of  that  orifice,  while  the  remainder  extend 
4       20 

to  a  distance  from  the  orifice  equal  to  the  diameter  of  the  valve,  ii 

order  that  the  valve,  when  in  such  a  position  as  to  leave  the  por 

completely  open,  shall  still  have  every  part  of  its  face  in  oontac 

with  the  seat. 

The  valve  is  of  such  dimensions  as  to  cover  the  port  togethe 
-with  that  portion  of  the  seat  which  forms  a  rim  surrounding  tli< 
port  The  face  of  the  valve  must  be  a  true  plane,  so  as  to  slid' 
smoothly  on  the  seat;  and  in  large  slide  valves  consists  of  a  ria 
surrounding  that  central  part  of  the  valve  which  dii'ectly  closes  th 
orifice,  and  which  is  more  or .  less  concave,  to  enable  it  the  bette 
to  resist  the  pressure  which  acts  on  the  back  of  the  valve  when  i 
is  closed. 

Yeiy  laige  slide  valves,  such  as  those  in  the  course  of  the  nuui 
water  pipes  of  large  towns,  are  strengthened  at  the  back  by  flangei 
or  ribs. 

The  valve  and  its  seat  are  contained  within  an  oblong  box  oi 
case,  large  enough  to  permit  the  easy  motion  of  the  valve  withis 
it,  and  usually  forming  an  enlargement  in  the  course  of  a  pipe. 
The  valve  rod,  by  means  of  which  the  valve  is  opened  and  shut, 
passes  out  through  a  stuffing  box;  or  instead  of  such  a  rod,  a 
valve  of  moderate  size  often  has  a  nut  fixed  to  it,  within  which 
works  a  screw  on  the  end  of  an  axle,  which  passes  out  through  a 
bush,  and  has  shoulders  within  and  without  to  prevent  it  from 
moving  longitudinally,  and  a  square  on  the  outer  end  on  which  the 
key  fits  that  is  used  in  turning  it 
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The  total  pressure  between  the  face  and  seat  of  a  sUde  yalve  is 
equal  to  the  total  area  of  the  valve,  multipHed  by  the  excess  of 
intensity  of  the  pressure  behind  it  above  the  pressure  in  front 

Kit. 

That  total  pressure  being  multipUed  by  the  co-efficient  of  friction 
between  the  iaoe  and  seat,  whicli  may  be  as  much  as  0-2  (see 
Irtide  13),  gives  the  resistance  of  the  valve  to  being  opened, 
rhich  is  ahnost  always  considerable.  For  the  double  purpose  of 
mabling  that  resistance  to  be  overcome,  by  a  moderate  effort,  and 
if  preventing  the  shocks  which  would  arise  from  suddenly  closing 
ihe  valve  when  there  is  a  rapid  current  passing,  it  is  necessary 
iiat  the  valve  should  move  slowly  as  compared  with  the  driving 
»int  of  the  apparatus  by  means  of  which  it  is  moved.  In  mode-. 
»te  sized  valves,  this  is  usually  provided  for  by  causing  them  to 
»  opened  and  shut  by  turning  a  screw,  as  already  described,  or 
n  moving  the  valve  rod  by  a  rack  and  pinion  of  suitable  dimen- 
don& 

Laige  slide  valves  are  sometimes  moved  by  attaching  the  valve 
nd  to  a  piston  contained  in  a  cylinder,  which  has  a  pair  of  supply 
ripes,  one  for  each  end,  biinging  water  from  the  main  pipe  behind 
he  valve,  and  a  pair  of  discharge  pipes,  one  for  each  end,  leading 
o  the  main  pipe  in  front  of  the  valve.  These  four  pipes  are  pro- 
rided  with  suitable  cocks  or  valves  to  be  opened  and  shut 
>y  hand;  and  thus  is  formed  a  small  water  pressure  engine,  by 
neans  of  which  the  slide  valve  can  be  moved  either  way  when 
(^quired. 

The  opening  and  shutting  of  a  very  large  slide  valve  is  sometimes 
•dlitated  by  making  it  in  two  divisions — a  larger  and  a  smaller, 
rhe  smaller  division  is  opened  first  and  closed  last :  the  effect  of 
rhich  is,  that  it  alone  has  to  be  moved  against  the  resistance 
iTising  from  the  greatest  difference  of  pressure  before  and  behind 
be  valve;  and  that  the  larger  division  has  only  to  be  moved 
gainst  the  resistance  arising  from  the  pressure  corresponding  to 
he  lots  qf/iead  caused  by  the  contraction  and  subsequent  enlai'ge- 
nent  of  the  stream  in  passing  through  the  smaller  division  of  the 
irifice;  as  to  which  see  Article  99. 

Rotaiing  dids  valves  are  sometimes  used,  in  which  the  valvo  and 
te  seat  are  a  pair  of  circular  plates,  having  one  or  more  equal  and 
imilar  orifices  in  thenL  The  passage  is  opened  by  turning  the 
iHye  abont  its  centre  until  its  openings  are  opposite  to  those  of 
be  seat,  and  shut  by  turning  it  so  that  its  openings  are  opposite 
olid  portions  of  the  seat. 

Various  forms  of  slide  valve  peculiar  to  the  steam  engine  will  be 
lescribed  under  the  head  of  that  class  of  prime  movers. 

121.  A  Piiimi  Taire  is  a  piston  moving  to  and  fro  in  a  cylinder, 
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whose  internal  sor&ce  is  the  vcUve  setU,  The  port  is  formed  by  i 
ling  or  zone  of  openings  in  the  cylinder,  communicating  witii  i 
passage  which  surrounds  it;  and  by  moving  the  piston  to  eitha 
side  of  these  openings,  that  passage  is  put  in  communication  wilj 
the  opposite  end  of  the  valve  cylinder.  Details  and  partii 
forms  of  the  piston  valve  will  be  illustrated  £su-ther  on. 

122.  €«clu. — ^This  term  is  sometimes  applied  to  all  valves  whi< 
axe  opened  and  shut  by  hand,  but  its  proper  application  is  to  th< 
valves  which  are  of  ihe  form  of  a  frustum  of  a  cone^  or  com 
turning  in  a  seat  of  the  same  figure. 

In  the  most  common  form  of  cock,  the  seat  is  a  hollow  cone 
slight  taper,  having  its  axis  at  right  angles  to  the  pipe  in  wh< 
course  it  occurs.  The  valve  is  a  cone  fitting  the  seat  accurately, 
and  having  a  transverse  passage  through  it  of  the  same  figure  an*' 
size  with  the  bore  of  the  pipe,  so  that  in  one  position  it  form 
simply  a  continuation  of  the  pipe,  and  offers  no  obstruction  to  the 
current,  while  by  turning  it  into  different  angular  positions,  the 
opening  may  be  closed  either  partially  or  wholly.  A  screw  and 
washer  at  the  smaller  end  of  the  cock  serve  to  tighten  it  in  its  se&t 
"  Schiele's  curve"  (Article  14)  is  sometimes  used  for  cocks. 

In  a  form  of  cock  much  used  for  fire  plugs,  a  short  vertical  pipe 
rising  from  a  water  main  terminates  in  a  hollow  conical  frustum, 
tapering  slightly  upwards,  and  having  an  orifice  in  its  side  leading 
into  a  lateral  pipe.  Inside  the  hollow  cone  is  the  valve,  being 
Another  cone,  also  hollow,  open  at  the  base,  closed  at  the  top,  and 
having  an  onfice  in  its  side  of  the  same  size  and  figure  with  that 
in  the  outer  cone.  This  inner  cone  is  pressed  upwards  into  the 
outer  cone  by  the  water  within  and  below  it,  which  thus  tends  to 
keep  the  joint  between  the  cones  water-tight;  and  by  turning  the 
inner  cone  into  various  angular  positions,  the  lateral  orifice  can  be 
fully  opened,  or  partially  or  wholly  closed. 

123.  Flexible  Tnbe  and  DtephragM  Tnlrca. — A  claSS  of  valves 
has  lately  been  introduced,  in  which  an  india  rubber  or  gutta  percha 
pipe,  which  when  fully  open  is  cylindrical,  can  be  wholly  or  par- 
tially closed  by  pinching  it  as  if  in  a  vice,  by  means  of  a  screw. 

In  another  class  of  valves,  the  mouth  of  a  cylindrical  pipe,  fromi 
which  a  current  of  water  is  discharged,  has  opposite  to  it  a  flexible  | 
circular  diaphragm  of  india  rubber,  of  larger  diameter  than  the| 
pipe,  fixed  at  the  edges  at  such  a  distance  from  the  pipe  as 
to  leave  a  sufi^cient  passage  for  the  fluid  between  the  edge  of 
the  pipe  and  the  face  of  the  diaphragm.  Behind  the  diaphragm 
is  a  round,  slightly  convex  stopper  or  plug,  which,  when 
pushed  forward  by  means  of  a  screw,  presses  the  diaphragm 
tightly    against    the    mouth    of   the    pipe,    and    so    doses   the 


PLOSGSBr— ITS  LQAIX  127 

SBcncor  3L — Flungers,  PistonSy  and  Facking  of  Water  Freanun 
Enginea. 

124.  A  Piaagcr  is  a  metal  cylinder,  closed  at  the  ends^  and  acca- 
ntely  tamed  on  the  cylindrical  sui&ce,  which,  in  a  single  acting 
(mmp  or  water  pr^sure  engine,  acts  at  once  as  piston  and  as  piston 
rod,  by  having  a  reciprocating  motion  in  a  cylinder.  The  internal 
Jiameter  of  the  cylinder  is  larger  than  that  of  the  plunger  by  an 
imoimt  soffident  to  prevent  their  touching.  Iloimd  the  circular 
iperture  through  which  the  plunger  works  is  a  water-tight  "  cupped 
leather  collar,"  to  be  described  in  the  next  Article.  A  section  of 
I  cylinder  showing  a  plunger  working  in  it  is  given  in  fig.  37,  a  few 
paj^es  farther  on. 

The  area  of  the  transverse  section  of  the  plunger,  and  not  that  of 
the  cylinder  in  which  it  works,  is  to  be  used  in  computing  the  effort 
exerted  by  the  pressure  of  the  water  upon  it. 

The  weight  of  a  plunger  is  often  made  considerable,  and  some- 
times a  load  also  is  placed  upon  it,  in  order  that  energy  may  be 
itored  in  lifting  it^  and  restored  when  it  descends. 

To  exemplify  the  mode  of  adjusting  the  weight  and  load  of  the 
plunger  for  thisit  purpose,  let  W  denote  the  gross  weight  of  the 
plnnger  and  load  of  a  single  acting  water  pressure  engine,  which  is 
to  be  adjusted  in  such  a  manner  that  the  useful  resistance  overcome 
inriiig  tiie  ascent  and  descent  of  the  plunger  shall  be  equal  Let 
B,  denote  that  useful  resistance 

Let  Pj  be  the  effective  effort  of  the  water  on  the  plunger  during 
■to  up  stroke;  Pg,  if  positive,  the  excess  of  the  effort  of  the  atmo- 
sphere above  the  resistance  from  back  pressure  of  the  water  during 
he  down  stroke.  If  the  latter  quantity  is  the  greater,  Pg  becomes 
negative,  and  its  sign  must  be  reversed  in  the  following  equations 
[seeArticle  110):— 
Let  R^  be  the  friction  during  the  up  stroke,  and  B^  during  the 
iovn  stroka  (As  to  the  friction  of  the  collar,  see  the  next  Article.) 
rhen,  during  the  up  stroke,  when  W  is  a  re^stance, 

•  R,  =  P,  -  R,  -  Wj (1.) 

ffld  duiing  the  down  stroke^  when  "W  is  an  effort^ 

Sq  =  P2  ""  Hj  +  T^T j..*.. ..•—••..•••. M..(2.) 

then  sabtracting  (1)  from  (2),  and  dividing  by  2^  we  find, 

W  =  ?lZ.5lzA±J?»,., (3,) 
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125,  The  c«^pcd  K<«iah«r  r«llar  througli  which  a  planger  worb 
is  shown  in  section  on  a  small  scale  in  fig.  37,  farther  on,  and  on  a 
larger  scale  in  fig.  38.  It  resembles  in  shajie  an  inverted  annnlai 
channel;  and  is  lodged  in  an  annular  recess  surrounding  the 
plunger.  Its  hollow  channel  is  turned  towards  the  inside  of  the 
cylinder;  and  the  water,  tending  to  enlarge  that  channel,  presses 
its  outer  side  against  the  recess,  and  its  inner  side  againiBt  the 
plunger,  and  so  keeps  a  water-tight  joint 

The  friction  between  a  plunger  and  its  leather  collar  is  givei 
approximately  by  the  following  formula :  let  d  be  the  diameter  oi 
the  plunger,  in  inches;  p,  the  pressure,  in  lbs.  on  the  square  inch 
R',  the  friction,  in  lbs.,  then 

B:=/pd. 

According  to  Mr.  William  More's  experiments, /=  about  1*2  x 
the  depth  of  bearing  sui-face  of  the  collar;  and  the  friction  U 
ix)ugh]y,  one-tenth  of  the  load  in  ordinary  cases ;  according  to  Mi 
John  Hick*s  experiments, /ranges  from  *05  to  *0d. 

12G.  i^caOicr  Packed  pi»i«h. — A  piston  is  distinguished  fromi 
plunger  by  accurately  fitting  the  cylinder  in  which  it  works,  so  ai 
to  be  water-tight,  and  by  being  of  no  greater  thickness  than  u 
necessary  to  make  it  water-tight  It  is  attached  to  a  rod,  strong 
enough  to  transmit  the  effort  that  acts  on  it  to  the  mechanisn 
which  it  drives  (see  Articles  61,  71).  The  water  acts  on  one  fan 
of  the  piston,  or  on  both,  according  as  the  engine  is  single  acting 
or  double  acting. 

When  the  water  acts  on  that  side  of  the  piston  from  which  th( 
rod  extends,  the  cylinder  cover  has  a  stuffing  box  in  its  centre 
through  which  the  rod  works;  and  the  opening  is  made  water-tigh 
by  a  leather  collar,  as  already  described,  or  by  hempen  packing. 

In  computing  the  effort  exerted  by  the  water  on  that  side  of  thi 
piston  from  which  the  rod  extends,  the  sectional  area  qfthe  rod  i 
to  be  deducted  from  tfie  area  of  the  piston;  in  other  words,  th< 
effective  area  of  the  piston  on  tiiat  side  is  less  than  the  total  arei 
in  the  ratio 

where  cT  is  the  diameter  of  the  rod,  and  d  that  of  the  piston. 

When  the  piston  is  to  be  packed  by  means  of  leaUier,  its  disc, 
which  fits  the  cylinder  easily  (and  to  which  the  rod  is  firmly 
attached  by  a  screw,  or  a  screw  and  nut,  or  a  key),  is  made  slightly 
concave  on  the  upper  and  under  faces;  then  on  ec^ch  of  those  facet 
is  placed  a  leather  ring,  shaped  somewhat  like  a  saucer  with  a  hole 
in  the  centre,  and  having  its  edge  turned  up  aU  round  so  as  to  press 
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6at  against  the  inside  of  the  cylinder  for  a  breadth  of  an  inch,  or 
an  inch  and  a-half,  or  thereabouts.  The  edges  of  those  leather 
rings  are  thus  turned  opposite  ways,  that  of  the  upper  ring  upwards, 
and  that  of  the  lower  ring  downwards.  Each  of  the  rings  is  held  in 
its  place  by  a  round  saucer-shaped  guard  or  piston  cover,  bolted  or 
screwed  to  the  body  of  the  piston. 

The  friction  of  such  pistons,  like  that  of  plungers^  is  found  to  be 
about  ^ne-tenth  of  the  effort  of  the  water. 

A  piston,  like  a  plunger,  may  be  loaded  for  the  purpose  of  storing 
energy,  and  according  to  the  same  principles. 

127.  HenpeH  Packing. — The  body  of  a  piston  which  is  to  be 
packed  with  hemp  is  from  two  to  four  inches  less  in  diameter  than 
the  cylinder  in  which  it  is  to  work ;  and  its  depth  is  about  one-sixth 
of  the  diameter  of  the  cylinder.  It  bulges  a  little  at  the  middle  of 
its  depth.  Bound  its  base  there  projects  a  horizontal  flange,  whose 
rim  fits  the  cylinder  easUy.  Above  that  flange  and  round  the  body 
of  the  piston  is  wrapped  the  packing,  consisting  either  of  loose 
hemp,  or  of  a  soft  loosely  spun  hempen  rope,  called  "gasket," 
soaked  with  grease.  Above  the  packing  is  a  ring  of  the  same  size 
and  figure  with  the  flange,  for  pressing  the  packing  down,  and 
causing  it  to  fit  tightly  in  iiie  cylinder.  This  "junk-ring"  is  held 
down  and  can  be  moved  towards  the  flange  so  as  to  compress  the 
packing  when  required,  by  means  of  screws. 

The  stufling  box  of  a  piston  rod  is  packed  with  hemp  in  a  similar 
manner,  the  hemp  being  pressed  down  and  made  to  fit  tightly  round 
the  piston  rod  by  means  of  the  stuffing  box  cover  and  its  bolts  or 
screws, 

SEcnioK  4. — O/RydrmUic  Presses  and  Hoists, 

128.  The  HydranUc  Pi«m  is  supplied  with  water  from  an  arti- 
ficial source,  as  stated  in  Article  97,  and  is  therefore  not  a  prime 
mover,  but  a  piece  of  mechanism  for  conveniently  applying  the 
energy  of  the  muscular  power,  or  steam  power,  by  which  its  supply 
pumps  are  worked.  It  is  described  here  first  on  account  of  its 
exemplifying  in  a  simple  form  various  parts  which  enter  into  water 
pressure  engines  generally. 

Fig.  36  is  an  elevation  of  a  hydraulic  press  supplied  by  a  hand 
forcing  pump;  fig.  37  is  a  vertical  section  of  tiie  cylinder  and 
pomp;  and  fig.  38  represents  the  plunger  collar :  these  figures  have 
already  been  referred  to  in  Articles  124,  125.  Fig.  39  is  the 
safety  valve,  diflering  fix)m  that  previously  shown  in  Article  113 
only  in  being  so  small  that  the  spindle  is  of  as  great  diameter  as 
the  valve. 

A  is  the  press  cylinder,  made  thick  enough  to  resist  the  pressure, 
according  to  the  principles  of  Article  64.     The  bottom  cJiould  be 
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segmental  or  hemispherical,  not  flat.   B  is  the  plunger;  Q  its  collar 
(see  Articles  124,  125);   C  a  plate  carried  on  the  head  of  the 


Fig.  36. 


F!g.  «7. 


Fig.  88. 


Fig.  89. 


plunger;  D  the  upper  plate  of  the  prest?;  E  standards  guiding  the 
motion  of  the  plate  C,  and  strong  enough  to  resist  a  working  ten- 
«on  equal  to  the  force  to  be  exerted  by  the  plunger.     F  is  the 
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pmnp  cylinder,  I  its  plunger,  and  K  a  guide  for  the  plunger  rod. 
6  is  the  pump  handle ;  H  and  H'  are  two  alternative  centres,  about 
either  of  which  it  can  be  made  to  work,  so  as  to  give  a  greater  or  a 
Jess  leverage  as  required.  L  is  the  supply  pipe  of  the  press  cylinder, 
through  which  water  is  forced  into  it  by  the  pump.  It  contains  a 
aelf-acting  dack,  N,  opening  towards  the  press  cylinder,  to  prevent 
the  return  of  water  towards  the  pump.  M  is  the  supply  valve  or 
suction  valve  of  the  pump,  being  a  clack  opening  upwards;  O  is 
the  ^ety  valve,  P  its  weight;  B,  the  escape  valve  or  discharge 
valve,  being  a  conical  plug  worked  by  means  of  a  screw,  kept  shut 
while  the  plunger  is  being  raised,  and  opened,  so  as  to  let  the  water 
escape  from  the  press  cylinder,  when  the  plunger  is  to  be  allowed 
to  descend  by  its  weight.  The  discharge  pipe,  leading  from  this 
valve  to  a  tank  from  which  the  pump  draws  its  water,  is  the  tail 
race  of  the  machine. 

The  following  formulse  relate  to  the  efficiency  of  the  hydraulic- 
press,  and  show  how  to  compute  the  force  and  the  energy  required 
to  work  it. 

Let  R  be  the  useful  resistance  to  be  overcome  by  the  plunger  in 
rising,  and  v  the  velocity  with  which  it  is  to  rise  in  feet  per  second.. 
Then  the  useful  work  per  second  is 

Hv (1.) 

Let  "W  be  the  weight  of  the  plunger;  then  R  +  W  is  the  gross 
load  of  the  plunger.  To  this  has  to  be  added^  for  friction,  a 
quantity  estimated  by  the  formula  of  Article  125,  so  that  the  effort 
^the  water  on  the  plunger  is  nearly 


P  =  (R+W)(l+-^) (2.) 


A  being  the  area,  and  d  the  diameter  of  the  plunger.  Then 
the  intensity  of  the  effective  pressure  of  the  water  in  the  press 
cylinder  ought  to  be 

P 

A 


,,,.S^(,./_^) (3.) 


in  pounds  on  the  square  foot  or  square  inch,  according  as  A  is  in 
sqiiare  feet  or  square  inches. 

Let  €^  be  the  sectional  area  of  the  supply  pipe  L;  then  —y^ 

a 
is  the  velocity  with  which  the  water  flows  through  that  pipe;  and 
u^  A* 
^ — ^  the  height  due  to  that  velocity. 
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Let  2  •  F  be  the  sum  of  the  various  f odors  of  resiRtanee  due  to 
the  length  and  diameter  of  that  pipe,  and  the  several  bends,  kne^s, 
contractions,  enlargements,  and  other  causes  of  resistance  which 
occur  in  its  course,  computed  according  to  the  principles  of  Article 
99.  The  head  due  to  the  velocity  of  the  current  in  the  pipe  is  lost 
owing  to  the  sudden  enlargement  of  the  channel  in  entering  the 
cylinder.     Hence  the  loss  of  head  in  the  pipe  is 

*  =  (1+2-^0^ (*•) 

Lety  =  D  A  be  the  pressure  equivalent  to  this  loss  of  head    Then 

P+P' (5) 

is  the  pressure  in  the  pump;  and  if  a  be  the  area  of  the  pump 
plunger, 

<^iP+P) (6.) 

is  the  effort  to  be  exerted  by  it  on  the  water,  with  a  velocity  —  ; 

so  that  the  energy  exerted  per  second  by  the  pump  plunger  on  the 
water  is 

vAip+p") (7.) 

To  this  has  to  be  added  an  allowance  for  the  friction  of  the 
pump,  which,  as  it  includes  not  only  the  friction  of  the  plunger 
collar,  but  that  of  the  mechanism  and  valves,  may  be  estimated  at 
about  one-fifth  of  the  effort  on  the  water;  giving  for  the  whole 
eneigy  expended  per  second, 

|«A(p+iO (8) 

Comparing  this  with  the  expression  (1)  for  the  useful  work,  it 
appears  that  the  efficiency  of  the  machine  is 


6   A{p+p') ^"-^ 

Let  n  be  the  ratio  of  the  velocity  of  the  pnmp  handle  to  that  of 
the  pomp  plunger;  then 

~ (10.) 
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k  the  effeoUve  vdocUy  of  the  pump  handle,  reckoning  down  strokes 
only,  and 

^/^ (".) 

is  the  effort  Teqnired  there.  The  effort  which  would  have  been 
required^  had  there  been  no  friction  and  no  loss  of  head^  and  no 
\qqA  except  the  useful  load^  would  have  been 

si. ('»■) 

being  less  than  the  actual  effort  (11)  in  the  same  proportion  in 
which  the  efficiency  (9)  is  less  than  unity. 

In  order  to  produce  a  continuous  current  of  water  into  the  press 
cylinder,  thero  aro  sometimes  a  pair  of  pumps  having  their  plungers 
connected  to  the  opposite  arms  of  a  lever  with  two  arms  of  equal 
length,  so  as  to  perform  their  down  strokes  alternately.  At  the 
end  of  each  arm  of  the  lever  is  a  cross  bar  for  the  workmen  to  lay 
hold  of, 

When  the  pumps  aro  worked  by  a  steam  engine,  it  is  usual  to 
have  a  set  of  three,  with  their  plungers  respectively  connected  with 
three  cranks  on  one  shaft,  making  angles  of  120''  with  each  other. 
Let  «  be  the  length  of  stroke  of  one  of  them,  a  the  area  of  its 
plunger,  T  the  number  of  revoliUums  made  by  the  shaft  in  a  second; 
then,  as  the  quantity  of  water  requirod  per  second  is  v  A,  we  must 
have 

STa8=:v  A (13.) 

The  hydraulic  pross  may  be  worked  by  water  from  a  natural 
sonrce;  in  which  case  the  waste  of  energy  owing  to  the  friction  of 
the  pump  disappears,  and  the  efficiency  becomes  simply 

II 
^{p+p')' ^^^'^ 

the  flow  and  total  head  requirod  to  drive  the  machine  being 
respectively 

Q  = «;  A {15.) 

H=^' (16.) 

129.  Water  Piawrti  MmiMm  and  PnrcluuMa. — The  simplest  water 
pressoro  hoist  is  a  hydraulic  press,  having  on  the  top  of  its  press 
plunger  a  cross-head,  from  the  ends  of  which  hang  chains  for  lifting 
a  load.  Such  was  the  apparatxis  used  in  raising  the  girders  of  the 
&itftnnia  Bridge. 
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For  this  machine,  R,  in  the  equations  of  the  preceding  Article 
represents  the  load  to  be  lifted,  and  W  the  weight  of  the  plungei 
cross-head,  and  chains. 

To  a  similar  class  belongs  the  water  pressure  hoist  or  purchas 
invented  hj  Mr.  Miller  for  dragging  ships  up  the  inclined  plane  c 
*^  Morton's  slip."  In  this  machine  the  press  cylinder  is  placed  a 
the  upper  end  of  the  inclined  plane,  and  at  an  inclination  equal  t 
that  of  the  plane;  and  the  tractive  force  is  exerted  upon  the  chaL 
which  drags  the  vessel  either  by  a  plunger  with  a  cross-head,  or  by  \ 
piston  with  a  piston  rod  passing  through  a  stuffing  box  in  the  bot 
tom  of  the  cylinder ;  the  effective  area  of  piston  A  in  the  latter  cas 
being  the  total  area  less  than  the  sectional  area  of  the  piston  rod. 

Let  i  denote  the  angle  of  inclination  of  the  slip  j 

/,  a  co-efficient  of  friction,  whose  value  is  about  lAr; 

Wj,  the  weight  of  the  ship; 

B^,  her  total  resistance  to  being  dragged  up  the  slip ;  then 

Rj  =  Wi  (sin  i  +/COS  t) (1.) 

and  if  V  be  the  velocity  with  which  she  is  to  be  dragged,  the  astfu 
%Dork  per  second  18 

Ri  V (2.) 

Let  Wj  be  the  weight  of  the  cradle,  chains,  piston  or  plunger 
and  every  additional  weight  which  moves  along  with  them;  tJbei 
the  resistance 

R^  -f  E^  =  (Wj  +  Wj)  (sin  i  +/cos  i) (3.) 

is  to  be  substituted  for  R  +  W  in  equations  2,  3,  and  9,  of  Articli 
128,  when  the  formulae  of  that  Article  will  iJl  become  applicabL 
to  the  machine  now  in  question. 

130.  Water  Pi«m«m)  Cage  Heiai.  —  A  water  pressure  hoist  foi 
raising  and  lowering  a  cage  containing  mineral  wagons,  or  othei 
heavy  bodies,  consists  essentially  of  the  following  parts  : — 

L  IL  111.  A  frame,  carrying  pulleys,  a  chain  passing  over  the 
pulleys,  and  a  cage  hung  to  one  end  of  the  chain,  as  alreadj/ 
described  for  a  bucket  hoist  in  Article  101. 

IV.  A  vertical  or  nearly  vertical  hoist  cylinder ,  firmly  fixed  to 
one  side  of  the  frame,  and  having  a  leather  packed  piston  (Article 
126)  with  a  piston  rod  passing  upwards  through  a  stuffing  box  in 
the  cylinder  cover.  The  upper  end  of  the  piston  rod  carries  a  pulley, 
usually  about  thirty  or  thirty-six  inches  in  diameter.  The  chain 
is  carried  under  this  pulley,  and  its  end  made  fest  to  the  top  oi 
the  frame ;  the  efiect  of  which  is,  that  the  velocity  of  the  piston  ia 
one-half  of  that  of  the  cage;  and  the  length  of  stroke  of  the  piston 
is  one-half  of  the  lift. 
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V.  The  supply  pipe  of  the  hoist  cylinder;  having,  near  the  hoist 
cylinder,  its  regulator,  which  is  a  screw  slide  valve,  opened  and 
shut  by  hand. 

VI.  The  discharge  pipe  of  the  hoist  cylinder,  having  also  itft 
Bcrew  slide  valve.     As  to  relief  clacks^  see  Article  134  A. 

VJLL  The  store  cylinder y  from  which  the  supply  pipe  of  the  hoist 
cylinder  comes,  resembles  a  hydraulic  press,  with  its  collared 
plunger.  It  is  destined  to  contain  a  reserve  of  water  to  supply  the 
hoist  when  it  is  occasionally  worked  so  rapidly  as  to  expend  water 
faster  than  the  source  can  supply  it.  The  store  cylinder  is  re- 
plenished with  water  from  the  source  in  the  intervals  when  the 
hoist  is  standing  idle.  The  plunger  of  the  store  cylinder  is  loaded 
with  a  weight  corresponding  to  the  pressure  required.  The  same 
store  cylinder,  if  large  enough,  may  answer  for  several  hoists. 

The  store  cylinder  may  also  be  made  like  a  hydraulic  press 
inverted,  the  plimger  being  fixed,  and  standing  on  a  firm  founda- 
tion, with  the  supply  and  discharge  pipes  traversing  it;  and  the 
cylinder  being  moveable,  with  its  collared  end  downwards,  and  its 
closed  end  upwards,  and  a  sufficient  weight  placed  upon  it.  . 

VJJLL  The  supply  pipe  of  the  store  cylinder. 

IX.  The  source,  which  may  be  an  elevated  reservoir,  or  a  water 

work  main  giving  a  sufficient  flow  and  pressure,  but  which  is 

much  more  frequently  artificial,  being  a  set  of  forcing  pumps 

worked  by  a  steam  engine,  as  described  in  Article  128. 

The  following  are  the  formulse  applicable  to  machines  of  this  kind: 

Let  R|  be  the  useful  load  to  be  lifted,  s^  the  height  to  which  it 
is  to  be  lifted  in  the  time  t  with  the  velocity  v^  =  «j  -f-  * ;  then  the 
usrful  work  per  second  is 

Ri«x (1) 

An  ordinary  value  of  v^  is  one  foot  per  second. 

For  a  first  rough  estimate  of  the  power  required  to  produce  this 
effect,  the  efficiency  of  the  whole  machine  may  be  taken  approxi- 
mately at  ~ ;  so  that  the  energy  expended  pw  second  will  be 

3 
BQH  =  ;rIliVi,  neowZy. (2.) 

The  object  of  making  this  rough  estimate  is  to  fix  the  size  of  the 
hoist  cylinder.  If  the  source  is  a  reservoir  or  a  water  work  pipe^ 
the  total  head  H  is  in  general  fixed ;  if  the  source  is  artificial, 
there  are  in  most  cases  reasons  which  fix  a  limit  to  H  ;  it  is  seldom, 
for  example,  desirable  to  exceed  500  or  600  feet.  The  value  of  H 
having  been  fixed  approximately,  we  have  for  the  flow  of  water  per 
leoond  while  the  cage  is  being  lifted — 
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3Rj3       ^. 

and  for  the  flow  p^r  ^roAre  of  the  hoist,  which  is  the  efiectiye 
volume  of  the  hoist  cylinder — 


Q*  =  24fi=Y (*•) 


A^  being  the  effective  area  of  the  piston;  that  is,  the  excess  of  the 
area  of  the  piston  above  that  of  the  piston  rod ;  and  ^^  -§-  2  its 
length  of  stroke^  so  that 

2Q<_3R^ 

^1  =  -;^   ^ ^'^ 

When  H  is  limited  to  500  feet,  the  piston  rod  may  be  made  one- 
fiftieth  of  the  area,  or  about  one-seventh  of  the  diameter,  of  the 
piston;  so  that  we  shall  have  in  that  case — 


V50  •  A  

49  X  '7851  ^  ^'^^  J^v'i^) 

Let  W^  be  the  weight  of  the  cage ;  then 

Bi  +  Wi (7.) 

is  the  working  tension  on  the  chain;  and  six  times  this  should  be 
the  ultimate  strength  of  the  chain.  Let  Wj  be  the  weight  of  the 
chain  and  pulleys ;  then 

•^  10       ^  20 ^^'' 

will  be  very  nearly  ^q  friction  of  the  mecJianimi. 

Inasmuch  as  by  the  tackle  used,  the  velocity  of  the  piston  is 
half  that  of  the  chain^  we  shall  have  for  the  tension  on  the  piston 
rod — 

2(Rx  +  iy; (9.) 

to  which  adding  one-tenth  for  the  friction  of  the  piston  and  rod, 
we  find  for  the  effort  p  A,  and  intensity  of  pressure  p,  exerted  by 
the  water  on  tHi/e  piston — 


00 

^  -  10        Ai      • 


.(10.) 


The  loss  of  head  by  the  resistance  of  the  supply  pipe,  and  the 
corresponding  pressure,  are  found  as  in  equation  4  of  Article  128, 
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vith  due  attention  to  the  formula  of  Article  99.  Let  j?'  be  tbe 
presBoze  ao  found.     Then 

p+p' -(ii) 

is  the  pressure  in  the  store  cylinder  v:hen  its  pluriger  isfaUing, 

Let  A^  be  the  area  of  the  plunger  of  the  store  cylinder,  to  be 
fixed  in  a  manner  which  will  be  afterwards  explained;  and  d^  itjr 
diameter.     Then,  adding  the  friction  of  the  collar,  we  have — 

(p+p')(A2+/</2) (12.) 

for  the  gross  load  of  tJie  store  cylinder  plunger,  including  its  own 
▼eight 
The  pressure  in  the  store  cylinder  wlien  its  plunger  is  rising  is 

(l+-^^)(P  +  P') (13.) 

and  not  only  the  store  cylinder  hut  the  hoist  cylinder  and  supply  pipe 
ought  to  have  their  strength  adapted  to  this  working  pressure,  by 
m^ng  their  bursting  pressure  six-fold,  and  using  the  rules  of 
Article  64. 

Let  p"  be  the  pressure  due  to  the  resistance  of  the  supply  pipe 
luading  from  the  source  to  the  store  cylinder ;  then 

D  Hi  =;,,  =  (l  +-^)  (J»  +/)  +p' (U.) 

is  the  pressure  corresponding  to  the  total  head  required  at  the 

source,  natural  or  artificial.    Should  the  head  H^  calculated  by  this 

formula  prove  greater  than  the  head  H  originally  assumed,  the 

supply  pipes  should  be  made  larger,  so  as  to  diminish  their  reslst- 

&n(;e  until  H^  does  not  exceed  H.     As  to  this,  see  Article  108. 

Then  the  energy  eaeperuied  by  the  tcaler  for  each  second  that  the 

hoist  works  is                        r\      T\r\TT  /i^\ 

PiQ  =  DQHi, (15.) 

and  the  efficiency  of  the/all  o/uxUer  is 

S^' '"•) 

If  the  source  is  artificial,  the  work  lost  in  overcoming  the  fric- 
tion of  the  pumps  or  other  mechanism  used  in  producing  it  is  to  be 
added  to  p^  Q  in  estimating  the  whole  energy  expended  per  second 
of  working  of  the  hoist  and  the  resultant  efficiency  of  the  entire 
iDachine. 

A  single  store  cylinder  and  a  single  source  or  set  of  pumps  may 
supply  either  one  hoist  or  severaL     To  find  the  rate  of  flow  from 
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the  ptLmps  or  other  source  into  the  store  cylinder,  ascertain  tJ 
length  of  the  interval  during  which  the  hoists  usually  stand  idj 
and  add  to  it  the  length  of  the  following  interval  during  whi< 
they  are  at  work.  Let  T  be  the  number  of  seconds  in  the  whc 
period  so  found ;  and  of  these  seconds  let  T^  be  the  nunaber 
seconds  during  which  any  hoist  is  rising,  and  Q  the  quantity 
water  it  requires  per  second  while  rising.  Then  summing  t] 
quantities  for  all  the  hoists — 

2QTi (17.) 

is  the  quantity  of  water  required  in  each  period  of  T  seconds ;  i 
that  the  uniform  rate  of  flow  from  the  source  into  the  sto 
cylinder  should  be 

Q,  =  ^:^; (18.) 

giving  for  the  uniform  power  of  the  fall,  in  foot-pounds  per  seoon 

The  capacity  absolutely  necessary  for  the  store  cylinder  is 

«,Aj  =  2-QTi-Q2-  Ti (19.) 

(^2  being  its  length  of  stroke) ;  but  it  is  in  general  advisable  i 
make 

«,A,  =  2QTi (19  a.) 

In  the  preceding  description,  the  chain  tackle  is  supposed  to  I 
80  arranged  that  the  velocity  of  the  hoist  cylinder  piston  is  on< 
half  of  that  of  the  cage;  but  any  required  velocity-ratio  can  I 
given  by  suitably  arranged  fixed  and  moving  pulleys.  This  con 
bination  in  mechanism  of  chain-and-pulley  tackle,  with  hydrauli 
connection,  was  first  introduced  by  Sir  William  Armstrong,  wh 
has  applied  it  not  only  to  hoists  but  to  cranes  and  various  othe 
machines.  (See  Trans,  of  the  Inst,  of  Mechxmical  Engineers^  A.ug 
1858.) 

Section  5. — Qf  Self  Acting  Water  Pressure  Engines. 

131.  General  ]>escripu«H. — ^When  a  "water  pressure  engine*'  i 
spoken  of  without  qualification,  it  is  generally  a  self-acting  watei 
pressure  engine  that  is  meant;  that  is,  an  engine  which  difiTer 
from  a  mere  press,  hoist,  or  crane,  in  having  distributing  valves  foi 
regulating  the  supply  and  discharge  of  the  water,  which  are  moved 
directly  or  indirectly,  by  the  engine  itself;  so  that  it  is  a  machine 
having  a  periodical  motion,  which  motion  having  once  been  made 
to  commence,  goes  on  of  itself  until  it  is  stopped^  either  by  shutting 
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the  throttle  valve  and  so  stopping  the  supply  of  water,  or  hj  dis- 
engaging or  otherwise  stopping  the  valve  motion. 

The  distributing  valves  are  in  general  of  the  piston  vcUve  kind 
(Article  121),  and  worked  by  a  small  auxiliary  water  pressure 
engines 

Inasmuch  as  the  friction  of  water  in  passages  varies  as  the  square 
of  the  velocity,  and  the  work  performed  in  overcoming  it  as  the 
cube  of  the  velocity  (other  things  being  equal), — and  inasmuch  as 
the  velocity  for  a  given  flow  of  water  varies  inversely  as  the  area  of 
the  passage : — ^it  is  favourable  to  the  efficiency  of  a  water  pressure 
engine,  which  is  to  perform  useful  work  at  a  given  rate,  that  its 
dimensions  should  be  made  as  large  and  its  movement  as  slow 
as  is  consistent  with  due  economy  of  first  cost  in  each  particular 


It  is  also  &.vourable  to  efficiency  that  the  stroke  of  the  piston 
should  be  long,  for  the  reversal  of  its  motion  is  seldom  unaccom- 
panied by  shock;  and  at  each  such  reversal  the  position  of  the 
valves  has  to  be  altered;  both  of  which  cause  loss  of  work. 

The  most  advantageous  use,  therefore,  to  which  a  water  pressure 
engine  can  be  applied  is  the  pumping  of  water,  to  which  slow 
motion  and  a  long  stroke  are  well  adapted,  because  they  are 
favourable  to  efficiency,  not  only  in  the  engine  but  in  the  pump 
which  it  works. 

Nevertheless,  in  sitaations  where  a  large  supply  of  water  at  a 
high  pressure  can  easily  and  cheaply  be  obtained,  water  pressure 
engines  have  been  used  with  advantage  where  considerable  speed 
is  reqidsite,  as  in  driving  rotating  machinery.  Various  engines 
of  this  kind  have  been  designed  and  executed  by  Sir  William 
Armstrong. 

The  whole  of  the  mathematical  principles  which  apply  to  water 
pressore  engines  have  been  explained  in  the  preceding  sections  of 
this  chapter. 

Their  resultant  efficiency,  as  ascertained  by  practical  experience, 
is  stated  by  different  authorities  at  values  ranging  from  0'66  to 
0-8.  The  variations  probably  arise  chiefly  from  differences  in  the 
resistance  of  the  passages  traversed  by  the  water,  and  perhaps  also 
to  some  extent  from  errors  in  the  mode  of  calculating  the  quantity 
cf  water  used. 

In  estimating  the  probable  efficiency  of  any  proposed  water 
pressure  engine,  the  lowest  value  of  the  efficiency,  viz.,  0*66,  is  of 
coturse  the  safest  to  assume  as  a  rough  estimate;  but  a  closer 
^roximation  may  be  obtained  by  making  a  calculation  according 
to  the  method  already  exemplified  in  detail  in  Articles  128  and 
130 ;  that  is,  commencing  with  the  resistance  of  the  useful  work 
and  the  velocity  of  the  piston,  and  computing  in  their  order  all  the 
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different  prejudicial  resistances  to  be  overcome,  and  the  quantities 
of  work  to  be  performed  in  overcoming  them. 

132.      Single    AcUng    Water     Prcware    EaglHC.  —  The     example 

chosen  to  illustrate  this  kind  of  water  pressure  engine  is  a  mine 
pumping  engine,  designed  by  M.  Junker,  as  described  by  Mr. 
Delaunay.  It  resembles  in  many  respects  the  pumping  engines 
of  Mr.  Darlington. 

Fig.  40  is  a  complete  vertical  section  of  the  engine^  during  the 
induction,  or  admission  of  the  water  to  the  cylinder. 
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Fig.  41  is  a  vertical  section  of  the  valve  ports  and  passages 
during  the  eduction,  or  discharge  of  water  from  the  cylinder.  Both 
^gures  are  lettered  alike. 

A  is  the  main  piston,  which  lifts  the 
pump  plunger  rod  by  means  of  a  rod  tra- 
versing the  bottom  of  the  main  cylinder 
BR 

C  is  the  supply  pipe,  and  U  its  throttle 
Talve. 

D  is  the  valve  port,  consisting  of  a  pipe 
connecting  the  bottom  of  the  cylinder  with 
an  annular  passage  surrounding  the  valve 
cylinder,  as  already  described  in  Article 
121. 

£  is  the  piston  valva 

G  the  discharge  pipe,  and  V  its  throttle 
valve. 

When  E  is  below  D,  as  in  fig.  40,  D 
communicates  with  C,  and  water  is  ad- 
mitted into  the  cylinder  to  raise  the  main 
jiiston.  When  E  is  above  D,  as  in  fig. 
41,  D  communicates  with  G,  and  the  water 
is  discharged  from  the  cylinder  during  the 
descent  of  the  main  piston.  The  piston 
valve  E  is  notched  at  the  edges,  in  the 
manner  shown  in  the  figure,  in  order  that 
the  o])ening  and  closing  of  the  port  may 
take  place  by  degrees — the  water  flow- 
ing partially  through  the  notches  for 
a  short  time  before  and  after  the  edge 
of  the  piston  arrives  at  the  edge  of  the 
f>orts. 

The  valve  cylinder  consists  of  two  parts  of  unequal  diameter, 
the  upper  being  the  larger.  In  the  lower,  or  smaller  part,  the 
piston  valve  E  works.  In  the  upper,  or  larger  part,  wholly  above 
the  supply  pipe,  works  the  counter-piston  F ;  this  being  larger  than 

E,  and  fixed  to  the  same  rod,  the  pressure  of  the  water  between  E 
and  F  tends  to  raise  them  both.  The  upper  side  of  F  is  provided,  if 
necessary,  with  a  rod,  or  a  ^Hrunk''  (that  is,  a  hollow  piston  rod), 
[«8sing  through  a  stuflfing  box  in  the  top  of  the  valve  cylinder. 
The  use  of  this  is  to  diminish  the  effective  area  of  the  upper  side  of 

F.  so  that  it  shall  not  be  more  than  is  requisite  to  enable  the 
pressure  of  the  water,  when  admitted  through  the  port  I  into  the 
space  above  F,  to  overcome  the  friction  of  the  piston  valve  and  its 
appendages,  together  with  the  ej^cess  of  the  pressure  on  the  lower 


Fig.  41. 
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side  of  F  above  the  effective  pressure  on  E.  The  sectional  area  o 
this  rod  or  trunk,  therefore,  should  be  about  as  much  less  than  thi 
area  of  E  as  the  area  of  E  is  less  than  the  whole  area  of  F. 

H  is  the  supply  pipe  and  M  the  discharge  pipe  of  the  part  of  th< 
valve  cylinder  above  the  counter-piston,  which,  with  its  cylinder 
forms  an  auxiliary  engine  to  work  the  valve  of.  the  principa 
engine.  K  is  the  piston  valve  of  this  auxiliary  engine,  whicl 
regulates  the  admission  and  discharge  of  the  water  through  th< 
port  I,  exactly  as  the  main  piston  valve  E  regulates  the  admissioi 
and  dischaige  of  the  water  through  the  port  D  of  the  mail 
cylinder.  L  is  a  plimger  of  the  same  size  with  K,  and  fixed  to  th< 
same  rod,  in  order  that  the  pressure  of  the  water  in  the  spac< 
between  K  and  L  may  not  tend  to  move  the  piston  valve  K  eithei 
upwards  or  downwarda 

The  auxiliaiy  valve  rod  to  which  K  and  L  are  fixed  is  connecter 
by  means  of  a  train  of  levers  and  linkwork  marked  O  Q  R  S  T 
with  a  lever  carrying  on  its  end  a  *' crutch,**  P.  !N  is  a  vertica 
"  tappet  rod"  carried  by  the  main  piston  A,  from  which  project  th< 
tappets  X  and  Y  for  moving  the  crutch  P. 

The  engine  works  in  the  following  manner : — 

Suppose,  as  in  fig.  41,  that  the  main  piston  valve  E  is  raised,  the 
water  escaping  by  the  route  BG  from  the  main  cylinder,  anc 
the  main  piston  £Edling.  When  the  main  piston  approaches  th( 
bottom  of  its  stroke,  the  upper  tappet  Y  strikes  the  lower  hook  oi 
the  crutch  P,  and  depresses  it,  together  with  the  auxiliary  piston 
valve  K 

This  admits  water  from  the  main  supply  pipe  C,  by  the  ronU 
HI,  to  the  annular  space  above  the  counter-piston  F,  so  as  tc 
depress  it,  together  with  the  main  piston  valve  £,  into  the  poaitioi] 
shown  in  fig.  40.  Then  the  water  from  the  main  supply  pipe 
passes  through  D  into  the  main  cylinder  B  B,  and  lifts  the  xnaic 
piston  A.  When  the  main  piston  approaches  the  top  of  its  stroke,  the 
lower  tappet  X  strikes  the  upper  hook  of  the  crutch  P,  and  raises 
it,  together  with  the  auxiliary  piston  valve  K. 

This  allows  the  water  to  be  discharged  from  the  annular  space 
above  the  counter-piston  F,  by  the  route  I  M ;  so  that  the  pressure 
of  the  water  between  F  and  the  main  piston  valve  E  upon  the 
excess  of  the  area  of  F  above  that  of  E,  raises  F  and  E  together 
back  to  the  position  shown  in  £g.  41,  cuts  off  the  supply  of  water 
to  the  main  cylinder,  and  opens  the  passage  for  the  discharge  of 
water  from  the  main  cylinder  through  D  into  G.  The  main  piston 
then  descends,  thus  completing  a  double  stroke,  and  the  entire 
cycle  of  operations  recommences.  The  process  may  be  summed  up 
by  saying,  that  of  the  two  engines,  the  main  and  the  anxHiaiy, 
<4oh  works  the  valve  of  the  other. 
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The  frequency  of  the  strokes  of  the  engine  depends  on  the  speed 
vith  which  the  valve  mechanism  works ;  and  this  can  be  controlled 
br  means  of  regulating  cocks  on  H  and  M,  the  supply  and  dis- 
darge  pipes  of  the  aimliary  engine. 

133.  ▲  l^Mible  ActlMS  ITatcr  Ppb— re  BMslne  has  a  main 
ejlinder,  whose  ends  are  both  closed,  the  main  piston  rod  passing 
out  through  a  stuffing  box  in  one  of  them,  and  each  end  being  pro- 
vided with  a  port  iSae  T>  in  figs.  40  and  41,  communicating  with 
one  valve  cylinder,  both  of  whose  ends  communicate  with  the  dis- 
cbarge pipe.  The  supply  pipe  enters  the  valve  cylinder  at  the 
middle  of  its  length.  On  one  rod  are  carried  a  pair  of  equal  and 
similar  piston  valves,  one  for  each  port,  which  rise  and  fall  to- 
gether :  the  distance  between  them  is  so  adjusted,  that  when  they 
are  raised,  and  the  upper  piston  valve  leaves  the  upper  port  in 
communication  with  the  supply  pipe,  the  lower  piston  valve  at  the 
same  time  leaves  the  lower  port  in  communication  with  the  dL^ 
charge  pipe  through  the  lower  end  of  the  valve  cylinder — and  that 
when  they  are  depressed,  and  the  lower  piston  valve  leaves  the 
lower  port  in  communication  with  the  supply  pipe,  the  upper  pis- 
ton valve  at  the  same  time  leaves  the  upper  port  in  communication 
with  the  discharge  pipe  through  the  upper  end  of  the  valve 
cylinder. 

The  valve  piston  rod  may  be  moved  either  directly  by  tappets, 
or  indirectly  by  a  small  auxiliary  engine. 

134.  B«iaiiTe  iTater  pvcmm«  BngtBen. — ^In  this  class  of  engine, 
the  cylinders  are  either  double  or  single  acting,  and  the  piston 
rods,  by  means  of  connecting  rods  and  cranks,  diive  a  shaft. 
In  order  to  diminish  as  much  as  possible  the  variations  of  the 
effort  upon  the  crank  shaft,  it  is  usual  to  have  two,  three,  or 
four  cylinders  acting  in  succession;  but  a  single  cylinder  would 
answer,  if  the  fly  wheel  were  made  of  sufficient  inertia. 

The  inertia  of  the  fly  wheel  for  a  rotative  water  pressure  engine 
is  to  be  determined  by  the  same  rule  as  for  a  non-expansive  steam 
engine.     (See  Articles  52,  53.) 

The  frequency  of  the  strokes  is  greater  in  this  than  in  oUier 
kinds  of  water  pressure  engines;  and  therefore,  to  avoid  great  re- 
ostanoe,  the  supply  and  ducharge  pipes,  and  the  valve  ports,  must 
be  laiger  as  compared  with  the  piston  than  in  other  water  pressure 
engines.  The  best  rule  is  to  make,  if  practicable,  every  passage  of 
SQch  an  area,  that  the  velocity  of  the  water  in  it  shall  not  exceed 
the  TfiftTiTimm  velocity  of  the  pistons.  The  best  valves  appear  to  be 
doable  piston  valves.  Engines  of  this  kind  are  very  useful  and 
convenient  for  driving  small  machines  in  towns  where  there  is  a 
copious  supply  of  water  at  a  high  pressure;  and  also  in  mines, 
where  steam,  engines  might  be  inconvenient  or  unsafOi     In  thA 
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latter  situation  they  may  be  driven  by  a  portion  of  the  wate 
which  is  piimped  up  by  the  draining  engine  of  the  mine. 

The  most  successful  in  practice  of  rotative  water  pressure  en 
gines  are  those  of  Sir  William  Armstrong,  as  to  which,  and  a: 
to  hydraulic  cranes  and  hoists,  detailed  information  may  be  founc 
in  the  Trariaactiona  of  t/ie  Institution  of  Mechanical  Engineers 
August,  1858.  Their  efficiency  is  roughly  estimated  at  from  -Gi 
to -77. 

134  a.  Relief  ciacka  form  an  important  part  of  the  engines  oJ 
Sir  William  Armstrong.  Their  object  is  to  prevent  the  shoclcs 
which  would  otherwise  occur  within  the  cylinder  on  the  closing  oi 
the  port,  and  consequent  sudden  stopping  of  the  motion  of  the 
water.  A  set  of  relief  clacks  for  a  single  acting  cylinder  consists 
of  two,  one  opening  upwards,  in  a  passage  leading  from  the 
cylinder  port  into  the  supply  pipe,  and  the  ouier  opening  upwards, 
in  a  passage  leading  from  the  discharge  pipe  into  the  cylinder  port. 
The  effect  is,  that  the  pressure  in  the  cylinder  cannot  rise  above 
that  in  the  supply  pipe,  nor  fall  below  that  in  the  exhaust  pipe. 

For  a  double  acting  cylinder,  four  clacks  are  required,  two  for 
each  port. 

Supplement  to  Part  IL,  Chapter  IV.,  Section  2. 

134  B.  Compoand  Clack*  for  large  pumps  are  now  much  used,  in 
which  the  general  form  of  the  compound  seat  is  like  a  oone  with 
its  vertex  upwards,  and  an  inclination  of  from  45°  to  75® ;  but  the 
sides  do  not  slope,  being  formed  into  a  series  of  flat  circular  steps. 
Each  of  those  flat  steps  is  pierced  with  a  ring  of  openings,  and 
forms  the  seat  of  a  clack  or  set  of  clacks,  prevented  from  rising  too 
high  by  a  projecting  or  overhanging  portion  of  the  step  next  above. 
When  there  is  a  single  clack  to  each  step,  it  is  a  ring  of  metal  or 
india  rubber;  when  a  set  of  clacks,  they  are  leather  flaps  or  india 
rubber  balls.  (See  a  paper  by  Mr.  John  Hosking,  Tra/ns.  Inst  of 
MecJh,  Engineers,  August,  1858,) 

Section  6. — Of  Water  Pressure  Engine  tmth  Air  Pistons. 

135.  The  nransariaii  MachiBe  is  the  name  given  to  an  engine 
first  used  for  pumping  mines  at  Schemnitz,  in  Hungary,  in  which 
the  duty  of  a  piston  is  performed  by  a  mass  of  confined  air,  trans- 
mitting pressure  and  motion  from  a  stream  of  water  whose  fall 
constitutes  the  source  of  power,  to  another  mass  of  water,  whose 
elevation  to  a  given  height  is  the  useful  work  to  be  performed. 
Its  principle  is  identical  with  that  of  a  piece  of  apparatus  known 
OS  "Hero's  Fountain,"  from  having  been  described  in  the  Pneu- 
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wHes  of  Hero  of  Alexandria,  a  philosopher  who  flourished  in  tho 
second  century  &a 

The  flow  of  the  fall  mnst  ex- 
ceed the  qnantitj  of  water  to  be 
ndsed  in  a  given  time,  and  the 
bead  must  exceed  the  height  to 
vhich  that  water  is  to  be  raised, 
in  proportions  whose  approxi- 
mate values  will  afterwards  be 
pointed  out. 

The  principal  parts  of  the 
machine  are  indicated  in  fig.  42. 

A,  a  tank  or  well  at  the  bot- 
tom of  a  shafts  for  collecting  the 
water  to  be  raised. 

B,  an  air-tight  receiver,  of 
eafficient  strength  to  resist  the 
greatest  internal  pressure  that 
acts  in  the  apparatus,  wholly  im- 
mersed in  the  water  of  the  welL 
This  may  be  called  the  pump 
hand.  The  bottom  of  the  re- 
ceiver must  not  touch  the  bottom 
of  the  well,  for  there  must  be 
space  enou^  between  to  admit 
the  access  of  the  water  of  the 
well  to 

C,  a  clack  opening  inwards,  in 
the  bottom  of  the  receiver  B. 

B,  a  delivery  pipe,  rising  from 
near  the  bottom  of  B  to  the  drain 
at  the  top  of  the  shaft  which 
carries  away  the  water  raised. 
It  is  desirable,  though  not  abso- 
lutely necessary,  to  have  at  the 
bottom  of  D  a  clack  opening  up- 
wards. 

E,  an  air-tight  receiver,   at 
least  as  strong  as  B,  which  cor- 
lesponds  to  Sie  cylinder  of  a 
common  water  pressure  engine,  •.-!.• 
and  is  placed  in  any  site  near  the  top  of  the  shaft  which  is 
convenient  for  discharging  the  water  of  the  driving  source  after  it 
has  done  its  work     This  may  be  called  the  working  barrel. 

F,  the  air  pipe,  connecting  the  top  of  the  pump  baixel  B  with  the 
top  of  the  working  barrel  JG. 


fig.  42. 
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G,  the  wasis  air  eock,  at  the  top  of  R 

Hy  the  discharge  valve,  at  the  bottom  of  E,  for  disohaarging  tfa 
irater  which  has  performed  its  work  in  the  working  barreL 

I,  a  reservoir,  at  the  top  of  the  falL 

"K,  the  supply  pipe,  connecting  that  resenroir  with  the  bottom  c 
the  working  beml  E. 

L,  the  admission  valve,  near  the  bottom  of  the  supply  pipe. 

The  valves  H  and  L  may  be  opened  and  shut  by  floats  in  th 
working  barrel,  or  by  a  small  aiudliaiy  water  pressore  engine,  o 
by  a  small  wheel  driven  by  the  water  discharged.  The  sketc 
.shows  them  as  spindle  valves ;  but  a  single  piston  yalve  might  b 
made  to  do  the  duty  of  both. 

The  machine  is  set  to  work  by  opening  the  air  waste  cock  G,  1 
at  the  same  time  being  shut  The  water  from  the  well  A  open 
the  clack  C,  enters  and  fills  the  working  barrel  B,  and  drive 
out  the  air  through  G,  so  that  E  and  F  only  remain  filled  wit) 
air.  Then  G  is  shut,  and  remains  shut  while  the  machine  i 
working;  H  is  shut  and  L  opened,  and  the  working  proceeds  a 
follows : — 

The  driving  water  from  I  descends  through  El  and  L  into  E 
and  compresses  the  air  contained  in  E  and  F.  The  pressure  » 
exerted  on  that  air  is  transmitted  to  the  water  in  B,  and  causes  i 
to  iise  in  the  delivery  pipe  D.  When  the  pressure  has  becomi 
equal  to  that  of  the  column  of  water  in  D  added  to  its  resistance 
the  lifted  water  issues  from  D  into  the  drain,  and  continues  to  d< 
80  until  E  is  filled  with  water.  Then  by  the  valve  gearing,  L  i 
shut  and  H  opened;  and  the  water  in  E  is  made  to  flow  out 
partly  by  its  own  weight,  and  partly  by  the  pressure  of  the  expand 
ing  air.  As  soon  as  the  air  has  fallen  to  its  original  pressiure,  mon 
water  from  the  well  flows  through  C  into  B,  and  drives  all  the  aii 
back  into  F  and  K  Then  H  is  shut  and  L  opened,  and  the  cyclt 
of  operations  recommences. 

In  the  following  investigation  of  the  efficiency  of  this  engine,  th< 
fluctuations  of  level  of  the  water  in  the  pumping  and  working 
barrels,  B  and  E,  are  neglected  in  comparison  with  the  height  oi 
lift,  and  the  head  of  fall 

Let  A^  denote  the  head  of  water  which  is  equivalent  to  one 
atmosphere,  or  33*9  feet  on  an  average. 

Let  ^  be  the  height  of  the  outlet  of  the  delivery  pipe  D  above 
the  suriiM5e  of  the  water  in  A ;  D,  the  weight  of  a  cubic  foot  oi 
water,  or  624  lbs.;  Qp  the  number  of  cubic  feet  per  second  to  be 
raised;  then 

DQiAi (1) 

ia  the  useful  work  per  second 

Let  /i2  be  the  head  lost  by  the  resistance  in  the  pipe  D,  com- 
puted by  the  principles  of  Article,  99;  then 
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h,  +  h^  +  h^ (2.) 

is  the  head  of  water  equivalent  to  the  pressure  to  which  the  air 
must  be  compressed  in  E,  F,  and  B,  before  the  water  will  issue  from 
the  outlet  of  D.  That  pressure^  in  atmospheres,  maj  be  expres&ed 
thus — 

n  =  1  +  ^l^  J (3.) 

and  the  working  pressure  which  the  barrels  and  air  pipe  must  be 
adapted  to  bear  is  n  —  1  atmospheres. 

The  volume  of  air  which  must  pass  per  second  from  E  into  B, 
while  the  water  is  being  forced  out  of  B,  is  Qj^  cubic  feet  at  the 
pressure  of  n  atmospheres. 

When  air  is  compressed  or  dilated  so  suddenly  that  it  has  not* 
time  to  lose  or  gain  heat  by  communication  with  adjoining  bodies,, 
its  density  varies  much  more  slowly  than  its  pressure;  but  when 
there  is  time  for  all  the  heat  produced  by  compression  to  be  con- 
ducted away,  and  for  all  the  heat  which  disappears  during  expan- 
sion to  be  replaced  from  neighbouring  bodies,  the  density  varies 
very  nearly  as  the  pressure  simply.  It  is  probable  that  the  latter 
supposition  is  veiy  near  the  truth  in  the  present  case,  especially  as 
the  air  is  charged  with  moisture,  which  facilitates  the  communica- 
tion of  heat. 

Therefore,  as  the  original  pressure  of  the  air,  before  being  com- 
pressed by  the  descent  of  the  water  from  I  into  E,  is  one  atmo- 
sphere, the  volimie  of  the  mass  of  air  which  descends  per  second^ 
at  the  original  pressure,  is 

Q  =  wQi, (4.) 

and  this  also  is  the  volume  of  water  which  must  descend  from  the 
sonrce  per  second,  in  order  to  perform  the  work. 

Let  B  and  E  be  taken  respectively  to  represent  the  capacities  of 
those  portions  of  the  pump  barrel  and  working  barrel  which  are 
alternately  filled  and  emptied  of  water  at  each  stroke,  and  let  F 
denote  the  capacity  of  the  air  pipe;  then  we  must  evidently  have 


.(5.) 


Let  A3  be  flie  loss  of  head  by  the  resistance  of  the  supply  pipe, 
valves,  &a     Then  the  total  head  required  for  the  fall  is 

H  =  A,  +  Ag  +  A3 ; (6.) 

■0  that  the  total  energy  expended  fe^  second  is 
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D  QH  =  nD  Qi(Ai  +  A,  +  A8) 

=  ^*^^tA±*».DQ,(Ai+A,+A,); (7.) 

and  comparing  this  with  the  useful  work  in  formula  1,  it  appeal 
that  the  efficiencj  of  the  engine  is 

%A h, ^1 /ft  \ 

QH'"n(/*,  +  A2  +  A^""(Ao  +  /*i  +  As)-(/*i  +  A2  +  A3y"^  ^^ 

The  diminution  of  efficiency  represented  by  the  fiictor  —  in  th 

pression,  and  corresponding  to  a  loss  of  hei 
amount  o: 


above  expression,  and  corresponding  to  a  loss  of  head  to  th 


O-^H. 


arises  from  the  loss  of  the  energy  exerted  in  compressing  the  air 
and  in  agitating  the  water  in  E  and  K  during  the  time  of  thai 
compression,  when  the  head  is  more  than  sufficient  to  produce  th< 
entrance  of  the  water  with  the  proper  velocity. 

The  energy  exerted  in  compressing  the  air  is  restored  during  ifa 
expansion ;  but  being  wholly  employed  in  forcing  the  water  out  oJ 
the  discharge  valve  H,  it  is  lost  in  the  end. 

The  chief  recommendation  of  the  Hungarian  machine  appears  to 
be  its  simplicity. 

136.  An  Air  YmmI  is  a  Sufficiently  strong  air-tight  receiver, 
generally  cylindrical,  with  a  hemispherical  top,  the  upper  part  oi 
which  contains  some  imprisoned  air,  while  the  lower  purt  contain.<4 
water,  and  communicates  with  the  cylinder  or  the  supply  pipe  of 
a  water  pressure  engine,  or  any  other  vessel  or  passage  in  which 
changes  of  the  velocity  of  a  mass  of  water  occur.  The  compressi- 
bility and  expansibility  of  the  air,  admitting  of  the  alternate  flow 
of  a  portion  of  water  into  and  out  of  the  air  vessel,  enable  such 
changes  of  velocity  to  be  made  by  degrees.  Rotative  water  engines 
were  formerly  made  with  an  air  vessel  in  connection  with  each  end 
of  the  cylinder;  but  relief  valves  (Article  134  a)  are  now  considered 
preferable. 

Svpplement  to  Part  IL,  Chapter  /.,  Article  94. 

136  A.  Water  n^uaem  are  instruments  for  measuring  and  record- 
ing the  flow  of  water  through  pipes.  Detailed  descriptions  of 
several  kinds  may  be  found  in  the  Traneactiane  of  the  Institution  of 
Mechamcal  Engineers  for  1856. 

The  meters  now  in  ordinary  use  may  be  divided  into  two  classes: 
piston  meters  and  wheel  meters. 
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As  an  example  of  a  piston  meter  may  be  taken  Mr.  Kemiedj*^ 
vhich  is  a  small  double  acting  water  pressure  engine^  driven  by 
the  flow  of  water  to  be  measured.  As  it  has  been  found,  in  other 
piston  meters,  that  the  recording  merely  the  number  of  strokes 
loade  by  the  piston  leads  to  errors  in  computing  the  flow,  this 
meter  is  so  constructed  that,  by  means  of  a  rack  on  the  piston  rod 
driving  pinions,  the  distance  traversed  by  the  piston  is  recorded  by 
a  train  of  wheelwork,  with  dial  plates  and  indexes. 

An  example  of  a  wheel  meter  is  that  of  Mr.  Siemens,  being  a 
small  reaction  turbine  or  "  Barker's  mill,*'  driven  by  the  flow.  The 
revolutions  are  recorded  by  a  train  of  wheelwork,  with  dial  plates 
and  indexes. 

Another  example  of  a  wheel  meter  is  that  of  Mr.  Gorman,  being 
a  small  /an  turbine  or  vortex  wheel  driven  by  the  flow,  and  driving 
t)ie  indexes  of  dial  plates. 

All  those  three  meters  are  found  to  answer  well  in  practice,  and 
can  be  placed  in  the  course  of  a  pipe  under  any  pressure. 

The  ordinary  errors  of  a  good  water  meter  are  from  ^  to  1  per 
cent ;  in  extreme  cases  of  variation  of  pressure  and  speed,  errors 
may  occur  of  2 J  per  cent. 

The  value  of  the  revolutions  of  a  whe^l  meter  should  be  ascer- 
tained experimentally,  by  finding  the  number  of  revolutions  made 
during  the  filling  of  a  tank  of  known  capacity. 
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CHAPTER  V. 

QV  YEBTIGAL  WATER  WHEEI& 

Sbctiok  1. — General  Principles. 

137.  Pmi«i  umA  Weir. — The  head  race  or  supply  chaxmel  of 
vertical  water  wheel  commences  either  at  a  laige  store  reservoi 
being  a  natural  or  artificial  lake  in  which  the  ndnfiedl  of  a  distiii 
is  coUected,  or  at  a  smaller  reservoir  or  pond,  being  an  enlargemei 
in  the  course  of  a  river,  formed  bj  building  a  weir  or  dam  aero: 
it.  The  object  of  that  weir  is  not  merely  to  store  a  surplus  flow  i 
water  at  one  time,  and  employ  it  to  supply  deficiency  of  flow  i 
another,  but  to  prolong  a  high  top  water  level  flx>m  its  natun 
situation  at  a  place  some  distance  up  the  stream,  to  a  place  as  nes 
as  possible  to  the  bottom  of  the  fedl,  where  the  tail  race  joins  th 
natural  channel,  and  thus  to  diminish  as  &r  as  possible  the  loss  c 
head  arising  flx>m  friction  in  the  head  race  and  ^dl  race. 

The  weir,  throughout  either  the  whole  or  a  part  of  its  length,  act 
as  a  waste  toeir  or  aver/aU,  discharging  over  its  crest  the  surplu 
flow  of  floods,  beyond  what  the  wheel  can  use. 

L  Level  of  Fond — Weir  not  Drowned, — ^In  order  to  find  hoi 
high  the  water  in  the  pond  will  stand  above  the  crest  of  the  weu 
a  formula  is  to  be  used  founded  on  equation  2  of  Article  94,  wit 
this  diflerence,  that  whereas  for  a  sharp  edged  notch  the  co-efficien 
of  discharge  c  is  from  0*595  to  0*667,  it  is  considerably  smaller  fo 
the  flat  or  slightly  rounded  crest  of  a  weir.  Its  values  unde 
-various  droumstances  have  been  determined  by  the  experiments  o 
Mr.  BlackwelL  For  the  purpose  at  present  in  view,  it  is  sufficiently 
itocurate  to  take  the  following  average  value  : — 

ForwcuAsfoeirSf  essO'S  nearly (1.) 

This  gives  for  the  flow  over  the  weir,  in  cubic  feet  per  second, 

Q  =  5*35  c  6  A*  =  2*67  6  A*  j (2.) 

so  that  the  greatest  height  A,  in  feet,  at  which  the  water  in  th( 
pond  near  the  weir  stands  above  the  crest  of  the  weir  is  given  bj 
the  following  formula : — 


* = V't^  ««»'*^y' <'•) 


Q  being  the  greatest  flow  in  cubic  feet  per  second,  and  h  the  breadth 
in  feet  of  the  outlet  over  the  weir  crest 

n.  Weir  Drowned. — A  weir  is  said  to  be  "  drowned"  when  th© 
vater  in  the  channel  below  it  is  higher  than  its  crest.  Let  A,  h\ 
be  the  heights  of  the  water  above  the  weir  crest,  in  the  pond  and 
in  the  waste  channel  respectively;  then  the  flow  per  second  is 

Q  =  |c6/y/  {2ff(h-h')}.  (a+D (4) 

when  Q  and  h*  are  given,  the  exact  determination  of  h  requires  the 
solution  of  a  cubic  equation^  but  the  following  approximate  solution 
is  in  general  sufficient : — 

First  approximatum,      A^  =  A'  +  a  /  }^ (5.) 

This  always  gives  too  great  a  result. 

Second  opproximaHon.     An  amended  value  h^of  h,is  given  by 
the  formula 


*«=*^-*'0-§-ra) :••(«•) 


Closer  approximations  may  be  obtained  by  repeating  the  process. 

138.  Sackwaicr  is  the  eflect  produced  by  the  elevation  of  the 
water  level  in  the  pond  dose  behind  the  weir,  upon  the  surface  of 
the  stream  at  places  still  farther  up  its  channel. 

For  a  channel  of  uniform  breadth  and  declivity,  the  following  is 
an  approximate  method  of  determining  the  figure  which  a  given 
elevation  of  the  water  dose  behind  a  weir  will  cause  the  sur£^  of 
the  stream  farth^  up  to  assume. 

Let  i  denote  the  rate  of  inclination  of  the  bottom  of  the  stream, 
which  is  also  the  rate  of  inclination  of  its  sur&ce  before  being 
altered  by  the  weir. 

Let  Iq  be  the  natural  depth  of  the  stream,  before  the  erection  of 
the  weir. 

Let  \  be  the  depth  as  altered,  close  behind  the  weir. 

Let  \  be  any  otiker  depth  in  the  altered  part  of  the  stream. 

It  is  required  to  find  x,  the  distance  £rom  the  weir  in  a  direction 
up  the  stream  at  whidi  the  altered  depth  \  will  be  found. 

Denote  the  ratio  in  which  the  depth  is  altered  at  any  point  by 

And  let  ^  denote  the  following  function  of  th^t  ratio ;-« 
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.     1  .       2r+l 

-j — -==arc.  ton. 


73 


JS 


.....(1.) 


A  conyeniait  approximate  formula  for  computing  9  is  as  follows :- 

(2.) 


»  nearly  =  5- +^-5  +  ^-0. 


2rj  '  fir*  '  8r8 

Compute  the  values^  9i  and  ^2>  o^  this  function,  oorre^ponding  t 
the  ratios 

r,=  Jandr,=  -. 

Then 

„  =  ?1^  +  (1  _  264) .  {t,  -  9,)  I, (3.) 

The  following  table  gives  some  values  of  ^ : — 


r 
i-o 

1-2 

14 
1-5 
1-6 

17 


(P 

r 

00 

1-8 

•680 

1-9 

•480 

2-0 

.376 

2-2 

•304 

24 

•255 

2-6 

•218 

2-8 

•189 

30 

0 

•166 
•147 

•I3J» 

•107 
•089 
•076 
•065 
•056 


The  first  term  in  the  right  hand  side  of  the  formula  3  is  obviously 
the  distance  back  from  the  weir  at  which  the  depth  ij  would  be 
found  if  the  surface  of  the  water  were  level  The  second  term  is 
the  additional  distance  aiising  from  the  declivity  of  that  surface 
towards  the  weir.  The  constant  264  is  an  approximation  to  2  -h/ 
y*  being  the  oo-eificient  of  friction.  For  a  natural  dedivitj  of  1  in 
264,  the  second  term  vanishes.  For  a  steeper  declivity,  it  becomes 
negative,  indicating  that  the  surface  of  the  water  rises  towards  the 
weir;  but  although  that  rise  really  takes  place  in  such  cases,  the 
agreement  of  its  true  amount  with  that  given  by  the  formula  is 
somewhat  uncertain,  inasmuch  as  the  formula  involves  assumptions 
which  are  less  exact  for  steep  than  for  moderate  natural  declivitiea 
It  is  best,  therefore,  in  cases  of  natural  declivities  steeper  than  1 
in  264,  to  compute  the  extent  of  backwater  simply  frpm  the  firei 
tenn  of  the  formula* 
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Fig  43. 


139.  Waste  siaicca  in  a  wall  forming  part  of  the  weir  are  used  to 
enable  the  surplus  water  of  floods  to  be  discharged  with  a  lower 
elevation  of  the  surface  of  the  pond,  and  a  less  extent  of  backwater, 
than  would  be  practicable  if  all  the  surplus  flow  had  to  pass  over 
the  weir-crest. 

A  adf-actmg  waste  duice  invented  j 
by  a  French  engineer,  M.  Chaubart, 
is  shown  in  fig.  43,  which  is  a  ver- 
tical section.  It  has  been  found  to 
answer  well  where  it  is  required  to 
maintain  the  surface  of  the  water  in  a 
pond  or  canal  very  accurately  at  a 
certain  leveL 

A  B  is  the  sluice  or  valve  plate,  re- 
presented as  shut,  its  upper  edge  A 
being  at  the  proper  water  level. 

The  sluice  is  supported  by  a  pair  of 
cast  iron  sectoi-s,  resting  on  horizontal 
platforms.  E  is  one  of  those  sectors ;  F  G  its  platform.  The  edgo 
of  each  sector  has  a  groove^  in  which  lies  a  chain,  fixed  at  F  to  the 
platform,  and  at  H  to  the  sector.  This  pair  of  chains  resists  the 
tendency  of  the  water  to  press  the  sluice  forward. 

When  the  water  is  at  tJie  level  of  A,  the  resultant  of  its  pressure 
acts  at  a  depth  A  0  which  is  tvxhUdrda  of  the  whole  depth  A  B 
of  the  sluice.  Through  G  draw  C  D  perpendicular  to  A  B,  cutting 
the  cejUre  line  of  the  chain  F  H  in  D.  llien  the  sectors  and  plat- 
forms must  be  so  formed  and  placed,  that  when  the  sluice  is  shut, 
the  point  of  contact  of  each  sector  with  its  platform  shall  be 
vertically  below  D  j  and  then  the  combined  resistance  of  the  chains 
tnd  platforms  will  be  directly  opposed  to  the  pressure  of  the  water,, 
and  will  balance  it. 

When  the  water  rises  above  A,  and  begins  to  overflow,  the 
centre  of  pressure  rises  above  C,  so  that  the  pressure  and  the 
resistance  are  no  longer  directly  opposed.  The  sluice  then  roHs 
upon  its  sectors  into  a  new  position  of  equilibrium,  and  in  so  doing, 
it  not  only  depresses  the  edge  A,  so  as  to  make  the  overflow  more 
rapid,  but  raises  the  edge  B,  so  as  to  make  an  outlet  at  the  bottom 
of  the  passage  B  K,  through  which  the  surplus  water  escapes  much 
more  rapidly  than  it  could  do  by  merely  overflowing. 

140.  wum4.  Race  and  fllaicca. — ^To  protect  the  conduit,  which  is 
the  head  race,  firom  the  surplus  water  of  floods,  it  is  advisable  that 
between  it  and  the  naturu  stream  there  should  be  a  wall  or  an 
embankment  rising  a  sufficient  height  (say  from  two  to  three  feet) 
above  the  highest  level  of  floods;  and  also  that  a  similar  wall  or 
embankment  should  extend  across  the  upper  end  of  the  conduit^ 
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wliere  it  leayes  the  pond  In  the  latter  situation  a  wall  is  the  ni< 
soitable.  It  is  traversed  by  a  passage  for  admittiDg  water  from  i 
pond  to  the  conduit,  capable  of  being  closed  or  opened  to  a  g^rea 
or  less  extent,  by  means  of  one  or  more  duicea,  which  are  si 
valves  moving  vertically  in  guides,  made  of  timber  or  iron,  a 
moved  by  means  of  a  screw,  or  of  a  rack  and  pinion.  It  is  ad^ 
able  not  to  make  sluices  broader  than  about  four  or  five  feet.  I 
greater  width  of  opening  is  required,  the  passage  fix>m  the  pond  ii 
the  conduit  should  be  divided  by  walls  or  piers  into  a  sufficic 
number  of  parallel  passages,  each  furnished  with  a  sluice. 

The  lo88  of  head  at  a  sluice  is  to  be  found  by  the  principles 
Article  99,  Division  V. 

The  channel  of  the  head  race  is  to  be  made  as  lai^  as  is  c< 
sistent  with  proper  economy  in  first  cost  Supposing  its  flow  Q 
cubic  feet  per  second,  and  its  figure  and  dimensions,  to  be  fis 
beforehand,  the  declivity  which  it  requires  is  to  be  computed  by  i 
principles  of  Article  99,  Division  YL,  equations  13,  15,  16,  17. 

Supposing  the  flow  Q,  and  the  rate  of  declivity  i^h-i-l  (h  bei 
the  fidl),  to  be  given,  the  figure  %nd  transverse  dimensions  of  t 
channel  are  to  be  fixed  in  the  following  manner  : — 

The  form  of  least  resietcmce  for  the  cross-section  of  an  op 
channel  of  a  given  area  A,  is  obviously  a  semicircle;  its  bordei 
being  the  shortest  which  can  enclose  the  given  area.  Its  hydroai 
w/eam  d^oth  is  one^hcUfofite  radiue;  that  is,  r  being  its  radius,  a 
also  the  maximum  depth  of  water  in  it>  and  m  the  hydraulic  me 
4iepth, 

'"=1=2 ^^'^ 

Mr.  Neville  has  shown,  that  if  it  is  necessary  that  the  cro 

section  of  a  channel  should  be  bounded  by  straight  lines,  the  foi 

of  least  resistance,  for  given  directions  of  those  lines,  is  one 

which  all  the  straight  lines  are  tangents  to  one  semicircle,  havi 

for  its  radius  the  greatest  depth  of  water  in  the  channel;  and 

such  forms,  the  hydraulic  mean  depth  is  still  one-half  of  the  radi 

■  .  ■  .  .  /w\  I     ^^  *^®  semicircle,  as  in  equ 

LrLn^^c  a  i>,^y^Ai     tion  l.     For  example,  let 

^'P^^^^^^^^^^^^^  ^  required  to  draw  the  be 

^S^        \        j^^  figure  for  a  channel  with 

v^s^^  i  ^^x^^y  flat  bottom,  and  sides  of 

^Y^^[^^v  mven  slope.     In  fig.  44, 1 

»  ^  CAD  represent  the  surfa 

^-  **•  of  the  water,  and  AB  == 

its  greatest  depth.     With  the  radius  A  B  describe  a  semicircl( 

draw  a  horizontal  tangent  to  it,  E  B  F,  for  the  bottom  of  tl 
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channel,  and  a  pair  of  tangents  E  C,  F  D,  at  the  given  inclination, 
for  Hie  sides.  The  border  is  5  =  O  E  F  D,  and  the  area  A  =  br-i-r. 
In  such  channels,  the  length  of  each  of  the  slopes,  OlS,  FD,  is 
eqnal  to  the  half-breadth  C  A. 

If  the  channel  is  to  be  built  of  brick,  stone,  or  concrete,  "with 
cement  or  hydraulic  mortar,  either  the  semicircular  form  may  be 
employed,  or  a  rectangular  form  -with  a  flat  bottom  and  vertical 
sides,  the  breadth  being  double  of  the  depth;  or  a  semi-hexagon, 
consisting  of  a  flat  bottom  whose  breadth  is  equal  to  half  the 
Inreadth  at  the  surface  of  the  water,  and  a  pair  of  slopes  inclined 
«t  60^  to  the  horizon.  The  second  and  third  are  figures  -which  fiJl 
mider  Mr.  Neville's  rule;  and  the  third  has  the  least  resistance  of 
all  figures  whose  borders  consist  of  a  bottom  and  two  slopes. 

If  the  channel  is  to  be  made  of  clay  with  rubble  stone  pitching, 
Mr.  Neville's  form  is  to  be  used,  with  slopes  of  at  least  I^  to  one. 

The  figure  having  been  selected,  it  is  obvious  that  the  sectional 
areas  of  sJl  similar  figures  will  be  proportional  to  the  squares  of  their 
hydraulic  mean  depUis;  so  that  we  may  put 

A  =  7*  m2; (2.) 

n  hdng  a  &ctor  depending  on  the  figure. 
For  a  semicircle^ 

n=2x  =  6-2832; (3.) 

For  a  half-square, 

n  =  8; ^ (4.) 

For  a  half-liezagon, 

n= 4  ^"3  =  6-928; .(5.) 

Por  Mr.  Neville's  figure,  with  a  flat  bottom,  and  slopes  inclined 
at  any  angle  ^  to  the  horizon, 

n  =  4  fcosec^  +  tan  ^J (6.) 

The  velocity  of  flow  is 

«  =  Q-i-wm« (7.) 

Making,  therefore,  the  proper  substitutions  in  equation  17  of 
Article  99,  we  find 

"m"  2gn^m^      2gn^m^^ 

from  which  is  deduced  the  following  value  of  the  reg^uired  hydraulio 
meandepih:— 

»=G^J* "•' 


•=*7~-   o    _  „«  „_A  —  O  .-  ^«  -^B  i .......(0.) 
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TKe  value  of  /  is  given  in  Article  99,  equation  15,  and  contain] 
small  term  varying  inversely  as  the  velocity.     Assuming  as 
approximate  average  value 

/=  0007565, (10.) 

we  find. 


m 


-  \8ul2  n^  i)   ' ^^^'^ 


and  having  computed  the  required  hydraulic  mean  depth,  all  t 
other  dimensions  of  the  channel  can  be  deduced  from  it 

The  head  race  should  have  a  waste  weir  and  sluice  of  its  cw 
near  its  lower  end,  to  prevent  the  risk  of  the  water  overflowing  : 
banks;  and  if  it  is  of  great  length,  it  may  be  advisable  to  ha 
several  waste  weirs  along  its  course. 

140  A.   Table  of  SqBarcs  «Bd  Fifth  Powers. — The  preceding  fc 

mula  is  exactly  similar  to  equation  11  of  Article  108,  except  th 
in  the  present  case  the  diameter  of  the  pipe  d  is  replaced  by  i 
hydraulic  mean  depth  of  the  channel  m,  and  the  midtiplier  0*23  1 
(8512'/i2)-i 

Considering  that  for  pipos  and  channels  of  similar  figures,  tl 
fifth  powers  of  the  corresponding  transverse  dimensions  are  propo 
tional  to  the  squares  of  the  volumes  of  flow,  it  appears  that  a  tab 
of  squares  and  fifth  powers,  such  as  is  here  given,  is  useful  in  coi 
paring  pipes  and  channels  of  difierent  dimensions.  Suppose,  fi 
example,  that  for  two  similar  channels  of  the  same  dedivity,  tl 
volumes  of  flow  are  in  a  given  proportion,  look,  in  the  cdumn  < 
fifth  powers,  for  two  numbers  as  nearly  as  possible  in  that  propo 
tion  ;  and  opposite  them,  in  the  column  of  squares,  will  be  fouc 
two  numbers  nearly  proportional  to  the  corresponding  transven 
dimensions  of  the  channela 

141.  The  Begulatinii  fliniee  should  be  placed  as  close  as  possibl 
to  the  wheel.  It  delivers  the  supply  of  water  either  above  i1 
upper  edge,  like  a  weir  or  notch  board,  or  between  its  lower  edg 
and  Hie  lower  edge  or  eiU  of  the  opening  in  which  it  slides. 

The  delivery  above  the  sluice  is  the  best  suited  for  wheels  o 
which  the  water  acts  chiefly  by  its  weight  The  discharge  in  cabi 
feet  per  second  for  a  given  depression  of  the  upper  edge  of  tb 
sluice  below  the  surface  of  the  water  in  the  head  race  may  be  cal 
oulated  by  the  formuka  of  Article  94,  Division  III. 

The  delivery  between  the  lower  edge  of  the  sluice  and  the  sill  i 
the  best  suited  to  wheels  on  which  the  water  acts  chiefly  by  impulse 
In  both  these  cases,  the  co-efficient  of  discharge  for  a  vertical  aluio 
may  be  taken  on  an  average  as 

c  =  0-7; (1.) 
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Squara 

Square. 

Fifth  Power. 

lO 

I  00 

I  00000 

55 

3025 

5032  84375 

II 

I  31 

I  6105I 

56 

3^36 

5507  31776 

13 

144 

3  48833 

57 

3249 

6016  93057 

13 

I  69 

371293 

58 

3364 

6563  56768 

14 

I  96 

5  37824 

59 

3481 

714934299 

15 

235 

7  59375 

60 

3600 

7776  00000 

16 

356 

xo  48576 

61 

3721 

8445  96301 

17 

389 

14  19857 

63 

3844 

9161  32832 

18 

324 

1889568 

63 

3969 

9924  36543 

19 

361 

34  76099 

64 

4096 

10737  41824 

30 

400 

33  00000 

65 

4225 

I1602  90625 

31 

441 

4084101 

66 

4356 

1252332576 

33 

484 

51  53632 

67 

4489 

1350I  25107 

23 

529 

64  36343 

68 

4624 

14539  33568 

24 

576 

79  63634 

69 

4761 

15640  31349 

25 

635 

97  65635 

70 

4900 

16807  00000 

36 

676 

118  81376 

71 

5041 

18042  29351 

37 

729 

143  48907 

72 

5184 

19349  17632 

38 

784 

173  10368 

73 

5329 

2073071593 

39 

841 

30511T49 

74 

5476 

2219006624 

30 

900 

343  00000 

75 

5625 

2373046875 

31 

961 

s86  39151 

76 

5776 

25355  25376 

32 

1034 

335  54432 

77 

5929 

27067  84157 

33 

1089 

391  35393 

78 

6084 

28871  74368 

34 

ii5<5 

454  35424 

79 

6241 

30770  56399 

35 

1335 

52521875 

80 

6400 

32768  00000 

36 

1396 

60466176 

81 

6561 

34867  84401 

37 

1369 

693  43957 

82 

6724 

37073  98439 

38 

1444 

792  35168 

83 

6889 

39390  40643 

39 

15  31 

903  34199 

84 

7056 

4182I  19424 

40 

1600 

1024  00000 

85 

7225 

4437053125 

41 

16  81 

1158  56301 

86 

7396 

4704270176 

42 

1764 

1306  91332 

87 

7569 

49842  09207 

43 

1849 

1470  08443 

88 

77  44 

52773  I9168 

44 

1936 

1649  16224 

89 

7921 

55840  59449 

45 

2035 

1845  38125 

90 

8100 

59049  00000 

46 

31  16 

3059  63976 

91 

8281 

62403  21451 

47 

3309 

2293  45007 

92 

8464 

65908  15232 

48 

3304 

2548  03968 

93 

8649 

6956S  83693 

49 

3401 

3834  75249 

•  94 

8836 

73390  40224 

50 

2500 

312500000 

95 

9025 

77378  09375 

SI 

3601 

3450  25251 

96 

93  16 

81537  36976 

52 

3704 

3802  04033 

91 

9409 

85873  40257 

53 

3809 

4181  95493 

98 

9604 

90393  07968 

.  54 

39  16 

4591  65024 

1  99 

9801 

9509900499 
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because  the  contraction  is  jxxHial;  but  the  sloioe  is  Teiy  ofle] 
inclined  j  and  then^  for  an  inclination  of  60°  to  the  horizon,  o 
thereaboutfif, 

0  =  0-74;. (2.) 

and  for  an  inclination  of  45%  or  less, 

c  =  0-8 (3.) 

The  regulating  sluice  is  moved  by  mechanism  suitable  for  adjust 

ing  its  position  with  nicety,  such  as  a  rack  and  pinion,  or  a  screw. 

142.  Water  wiicci  Oorernors  are  all  much  alike  in  principle 


Fig.  45. 


As  to 


Fig.  46. 

though  varied  in  details. 
The  single  example  here 
chosen  to  illustrate  them 
is  by  Mr.  Hewes. 

Figs.  45  and  46  are 
elevations  of  this  appara- 
tus viewed  along  and 
across  a  horizontal  shafts 
to  be  afterwards  men- 
tioned ;  fig.  47  is  a  hori- 
zontal section,  below  the 
level  of  the  pair  of  re- 
volvingpendulums,  which 
are  shown  in  the  elevation 
as  forming  the  uppermost 
part  of  the  apparatus,  and 
are  carried  by  a  vertical 
spindle,  driven  by  the 
^«-  ^^-  water  wheel 

revolving  pendulums  in  general,  see  Articles  19,  55, 


\ 

.  /^^  y 

) 
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From  the  rods  of  the  revolving  pendulums  two  links  suspend  a- 
iqnare  slider,  which  rotates,  rises  and  falls  with  the  balls  of  the 
pendultun,  and  from  which  projects  a  cam  A. 

From  a  vertical  shaft  D,  there  projects  a  horizontal  fork  B,  whose 
prongs  are  at  opposite  sides  of  the  pendulum  spindle.  The  end  of 
the  right-hand  prong  is  above,  and  the  left-hand  prong  below,  the 
kvel  of  the  cam  A,  when  it  is  at  the  elevation  corresponding  to  the 
proper  speed  of  the  wheel,  so  that  the  cam  revolves  without  touch- 
ing either  prong;  but  the  slider,  immediately  above  and  below  the 
cam,  is  of  such  dimensions,  as  to  bring  the  fork  to  its  middle 
position  if  it  has  deviated  from  it. 

[In  manj  water  wheel  governors,  the  fork  corresponding  to  B  is 
&ar-pronged,  having  one  pair  of  prongs  at  the  middle  elevation  of 
the  cam,  and  wide  enough  apart  to  allow  the  cam  to  revolve  freely 
between  them  when  the  fork  is  in  its  middle  position.  The  other 
two  prongs  aro  closer  to  the  spindle,  and  one  is  above,  and  the 
other  below,  the  middle  elevation  of  the  cam,  like  the  two  prongs 
of  the  fork  shown  in  the  figures.] 

The  lower  end  of  the  pendulum-spindle  carries  a  horizontal  bevel 
wheel,  which  drives  two  vertical  bevel  wheels,  turning  loosely  on  a 
horizontal  shafb,  which  by  suitable  mechanism  is  connected  with 
the  r^ulating  sluice.  The  vertical  bevel  wheels  obviously  rotate 
in  opposite  directiona 

E  is  a  double  clutch,  which  in  its  middle  position  is  froe  of  both 
the  vertical  bevel  wheels;  but  which,  by  being  moved  to  one  side 
or  to  the  other,  can  be  made  to  lay  hold  of  either  of  those  wheels, 
80  as  to  make  that  wheel  communicate  its  rotation  to  the  horizontal 
shaft 

C  is  a  second  fork,  projecting  from  the  vertical  shafb  D,  and 
clasping  the  clutch,  so  as  to  regulate  its  position. 

When  the  water  wheel  goes  faster  than  its  proper  speed,  the 
pendulums  rise,  lifting  along  with  them  the  revolving  cam  A,  which 
strikes  the  upper  and  right-hand  prong  of  the  fork  B,  and  drives  it 
towards  the  right,  together  with  the  second  fork  C,  which  shifts 
the  clutch  so  as  to  lay  hold  of  one  of  the  vertical  bevel  wheels,  and 
thus  causes  the  horizontal  shaft  to  rotate  in  such  a  direction  as  to 
close  by  d^rees  the  regulating  sluice;  and  this  closing  goes  on 
nntil  the  water  wheel  has  resumed  its  proper  speed,  when  the  pen- 
doloms  fall  to  their  middle  position,  and  lower  the  cam  so  that  it 
no  longer  strikes  either  prong  of  the  fork.  The  clutch  is  then 
disengaged  from  both  wheels,  and  the  sluice  remains  in  the  position 
to  wUch  it  has  been  brought 

When  the  water  wheel  goes  slower  than  its  proper  speed  the 
pendulums  sink,  lowering  at  the  same  time  the  cam  A,  which 
■tnkes  the  lower  and  left-hand  prong  of  the  fork  B,  and  drives  it 
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towards  the  left,  together  with  the  second  fork  C,  which  shifts  t] 
dutch  so  as  to  make  it  lay  hold  of  the  other  vertical  bevel  whe< 
and  thus  causes  the  horizontal  shaft  to  rotate  in  such  a  direction 
to  open  by  degrees  the  regulating  sluice ;  and  this  opening  goes  < 
until  the  water  wheel  has  resumed  its  proper  speed,  when  the  pe 
dulums  rise  to  their  middle  position,  and  lift  the  cam  A  so  that 
no  longer  strikes  either  prong  of  the  fork.  The  clutch  is  then  di 
engaged  from  both  wheels,  and  the  sliiice  remains  in  the  positic 
to  which  it  has  been  brought. 

143.  A  Geaeral  Dmcriptlon  of  Tertlcal  Water  Wheels  W'Jl  now  1 
given,  and  illustrated  by  figures  of  those  forms  of  the  difierei 
olasses  of  wheels  which  were  most  common  before  tiie  latest  ii 
provements,  these  being  reserved  for  the  more  detailed  descriptioi 
in  the  ensuing  sections. 

Vertical  water  wheels  may  be  classed  as  follows : — L  Oversh 
wlieds  and  breast  toJieels,  being  vertical  wheels,  on  which  the  wat 
acts  partly  by  its  weight,  or  by  potential  energy,  and  partly  I 
its  impulse,  or  by  actii^  energy.  II.  Undersliot  wkeeU^  being  ve 
tical  wheels,  on  which  the  water  acts  by  its  impulse.  The  follo-v 
ing  are  the  essential  parts  common  to  cdl  vertiod  water  wheels  :- 
1.  The  ttxia  or  shaft,  and  its  gudgeons  or  journals.  2.  The  radiatdn 
parts  on  which  the  water  acts;  which  in  overshot  and  breast  whee! 
are  Imckets  or  cells ;  in  undershot  wheels,  floats  or  vanes.  3.  Tli 
ojrms  or  spokes  and  other  framework  by  which  the  buckets  or  floa1 
ajre  connected  with  the  shaft.  The  channel  or  chamber  in  whic 
the  wheel  works  is  called  the  whed  ra^se  or  tolieel  trougL  Wate 
wheels  are  protected  from  frost,  and  from  other  causes  of  stoppag 
and  injury,  by  being  enclosed  in  a  toheel  liouse, 

L  Overshot  and  Breast  W^ieds, — The  water  is  supplied  to  thi 
class  of  wheels  at  or  below  the  summit,  and  acts  wholly,  o 
chiefly,  by  its  weight  The  periphery  of  an  overshot  wheel  con 
sists  of  the  sole  plate,  a  cylindrical  drum,  and  the  crowns,  bein^ 
two  thin  vertical  rings,  connected  with  the  shaft  by  wrms  an< 
braces,  and  having  the  space  between  them  divided  into  ceUs  b; 
curved  or  angular  trough-shaped  pai-titions  called  buckets,  Th< 
water  pours  from  the  pentstock  through  the  regulating  sluice,  some 
times  guided  by  a  spout,  into  the  openings  at  the  outer  edges  o 
the  circle  of  buckets,  filling  them  in  succession.  Formerly  th< 
backets  used  to  be  closed  at  their  inner  sides,  which  are  parts  o 
the  sole  plate,  but  now  they  are  made  with  openings  for  the  escap< 
and  re-entrance  of  air.  While  the  buckets  are  descending,  part  oi 
the  water  overflows  and  escapes,  and  this  is  a  cause  of  waste  oi 
energy  :  as  each  bucket  arrives  at  the  lowest  point  of  its  revolution 
it  dischaiges  all  its  water  into  the  tail  race,  and  ascends  empty 
A  breast  wheel  differs  from  an  overshot  wheel  chiefly  in  having 
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tho  water  poured  into  the  buckets  at  a  somewhat  lower  elevation 
as  compared  with  the  summit  of  the  wheel,  and  in  being  provided 
with  a  casing  or  trough,  called  a  breast^  of  the  form  of  an  arc  of  a 
cvlinder,  extending  from  the  regulating  sluice  to  the  commencement 
of  the  tail  race,  and  nearly  fitting  the  periphery  of  the  wheel,  which 
revolves  within  it.  The  effect  of  the  breast  is  to  prevent  the  over- 
flow of  water  from  the  lips  of  the  buckets  until  they  are  over  the 
tail  race.  The  usiial  velocity  of  the  periphery  of  overshot  and  high 
breast  wheels  is  from  thi'ee  to  six  feet  per  second ;  and  their  avail- 
able  efficiency,  when  well  designed  and  constructed,  is  from  0*7  to 
0*8.  The  diameter  of  an  overahot  wheel  must  be  little  less  than 
the  height  of  the  fall  of  water,  and  that  of  a  high  breast  wheel 
somewhat  greater ;  and  they  are,  consequently,  sometimes  of  enor- 
mous size.  A  few  exist  exceeding  seventy  feet  in  diameter.  Wheels 
of  this  class  are  the  best  where  there  are  large  supplies  of  water 
and  falls  that  are  not  too  low. 

II,  TJTidershot  and  Low  Breast  Wheels. — ^Wheels  of  this  class  are 
driven  chiefly  by  the  impulse  of  water,  dischaiged  from  an  opening 
at  the  bottom  of  the  reservoir  with  the  velocity  produced  by  the 
fall,  against ^ooto  or  vanea  Eveiy  such  wheel  has  a  certain  vdocUy 
of  maximum  efficiency,  being  the  velocity  of  the  wheel  which  gives 
die  least  possible  velocity  to  the  discharged  water,  and  bearing  a 
ratio  to  the  supply-velocity  of  the  water  which  depends  on  the  form 
of  the  floats,  but  does  not  in  any  case  differ  much  from  ^.  In 
undershot  wheels  of  the  old  construction,  the  floats  are  flat  boards 
in  the  direction  of  radii  of  the  wheel,  and  the  maximum  theoretical 
efficiency  is  ^.  The  available  efficiency  is  much  less,  seldom  ex- 
ceeding ^.  An  undershot  wheel,  provided  with  a  breast  or  casing 
extending  as  before  described  from  the  sluice  to  the  commencement 
of  the  tail  race,  becomes  a  low  breast  wheel,  in  which  the  water 
acts  partly  by  weight,  though  chiefly  by  imptdse.  This  class  of 
wheeb  was  much  improved  by  Poncelet,  who  curved  the  floats  with 
a  concavity  backwards,  adjusting  their  position  and  figure  so  that 
the  water  should  be  supplied  to  them  without  shock,  and  should 
drop  from  them  into  the  tail  race  without  any  horizontal  velocity. 
The  maximum  theoretical  efficiency  of  such  wheels  is  as  great  as. 
that  of  overshot  wheels,  but  their  available  efficiency  has  not  been 
fonnd  to  exceed  0-6.  They  are  well  adapted  to  low  fiedls  with  large 
oopplies  of  water. 

Fig.  48  is  a  general  view  of  an  overshot  wheel  of  the  old  con- 
struction. A,  spout;  B,  shaft  and  gudgeons;  C,  spokes;  D, 
crowns,  one  having  a  toothed  ring,  for  dnving  a  pinion,  and  so 
giving  motion  to  machinery ;  E,  sole  plate ;  F,  buckets ;  G,  tail 
race,  in  which  the  water  runs  in  the  direction  opposite  to  that  of 
the  motion  of  the  adjoining  part  of  the  wheeL 

M 
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Figs.  49,  50,  and  51,  are  vertical  sections  of  part  of  the  rim  of  an 
overshot  wheel ;  figs.  49  and  50  showing  wooden  buckets,  and  fi^. 


Fig.  48. 


Fig.  62. 


1%.  53. 


Fig.  49.     Fig.  50.     Hg.  61. 

51  iron  bucketa  In  each  of  these 
figures,  D  denotes  the  crown,  £  the 
sole  plate,  F  the  bucket& 

Two  methods  were  formerly  em- 
ployed of  preventing  the  air  in  the 
buckets  from  impeding  the  entrance 
of  the  water;  one  was  to  make  a 
few  small  holes  in  the  sole 
plate,  and  the  other,  to  make 
the  wheel  broader  than  the 
spout,  so  that  the  air  could 
escape  at  the  ends  of  the 
buckets  while  the  water  en- 
tered in  the  middle.  The 
method  now  used  will  be  de- 
scribed in  the  sequeL 

Fig.  52  is  a  wooden  breast 
wheel  of  the  old  construction, 
with  flat  floats.  A,  reservoir; 
B,  sluice,  worked  by  a  rack 
and  pinion;  C,  breast  and 
wheel  trough ;  D,  wheel ;  E, 
tail  race,  in  which  the  wat^r 
moves  along  with  the  wheeL 
The  water  acts  on  this  whet4 
partly  by  impulse  and  partly 
by  weight 

Fig.  53  is  an  undershot 
wheel  of  the  old  construction. 
A,  reservoir;  B,  sluice;  C, 
wheel  trough ;  D,  wheel ;  E, 
tail  race^  in  which  the  water 
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moves  along  with  the  wheel     The  water  acts  on  this  wheel  wholly 
by  impulse.  ' 

^.\^\.lT^^  •^  ^'^^  •■  ^'^•*  (portly  extracted  from  A.  M., 
64S,  649).— The  action  of  water  «by  impulse"  against  a  solid 


7|g.  54. 


Fig.  58. 


Fig.  67. 


snrfiice^  is  that  pressure  which  is  exerted  by  the  water  against  the 
STirface  in  consequence  of  the  velocity  and  direction  of  t£e  motion 
of  the  water  being  changed  by  contact  with  the  surface. 

The  direction  and  amount  of  the  pressure  exerted  by  a  jet  or 
stream  of  water  against  the  solid  surfiEuse  are  determined  by  the 
following  principles,  which  are  the  expression  of  the  aecand  law  of 
motion  (already  dted  in  Articles  14,  29,  30),  as  applied  to  this 
case: — 

L  The  direction  of  that  pressure  is  opposite  to  the  direction  of 
the  change  produced  in  the  motion  of  the  stream  during  its  contact 
with  the  snifaoe. 

II.  The  magnitude  of  that  pressure  bears  to  the  weight  of  water 
flowing  along  the  stream  in  a  second,  the  same  ratio  which  the 
velocity  per  second  of  the  change  in  the  motion  of  the  stream  bears 
to  the  velocity  generated  by  gravity  in  a  second  (viz.,  ^  =  32'2  feet 
per  second). 

It  only  remains  to  be  shown,  how  the  direction  and  velocity  of 
the  change  of  motion  of  the  stream  are  to  be  determined. 

In  what  follows,  the  effect  of  friction  between  the  stream  and  the 
vane  is  supposed  to  be  insensible. 
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In  each  of  the  figs.  54,  55,  56,  57,  A  repreneDts  the  stream  ( 
jet,  and  B  the  vaue.  Fig.  54  repi-esents  the  case  in  which  the  vai 
guides  the  stream  in  one  definite  direction  E  F ;  and  the  solntio 
of  this  case  leads  to,  or  comprehends^  the  solution  of  the  other 
Figs.  55  and  57  represent  cases  in  which  the  vane  has  a  plane  sui 
face,  and  the  stream  glances  off  it  in  yarious  directions.  In  ^g.  5 
the  vane  is  perpendicular,  and  in  fig.  57  oblique,  to  the  direction  < 
the  stream.  Fig.  56  represents  a  concave  cup-shaped  vane,  tumiii 
the  stream  backwards.  Corresponding  lines  on  the  different  figun 
are  marked  with  the  same  letters. 

A  jet  of  fluid  A,  striking  a  smooth  surface,  is  deflected  so  as  i 
glide  along  the  surface,  and  at  length  glances  off  at  the  edge  E,  i 
a  direction  tangent  to  the  surface.  As  the  particles  of  fluid  i 
contact  with  the  surface  move  along  it,  and  the  only  sensible  fore 
exeiiied  between  them  and  the  surface  is  perpendicular  to  thei 
direction  of  motion,  that  force  cannot  accelerate  or  retard  it 
motion  of  the  particles,  relatively  to  the  sur&ce,  but  can  on] 
deviate  it^ 

When  the  surface  has  a  motion  of  translation  in  any  directio 
with  the  velocity  u,  let  B  D  represent  that  direction  and  velocit] 
and  B  G  the  du^ction  and  original  velocity  v  of  the  jet  The 
D  0  represents  the  direction  and  velocity  of  the  original  motion  ( 
the  jet  relatively  to  the  surface.  Draw  E  F  ==  D  0  tangent  to  th 
surface  at  E,  where  the  jet  glances  off ;  this  represents  the  relati^ 
velocity  and  direction  with  which  the  jet  leaves  the  surface.  Dra' 
F  O  II  and  =  B  D,  and  join  E  G;  this  last  line  represents  th 
direction  and  velocity  relatively  to  the  earth,  with  which  the  jc 
leaves  the  surface,  bemg  the  resultant  of  E  F  and  F  G. 

L  General  Problem. — Draw  DH  parallel  to  the  tangent  E] 
and  equal  to  D  0;  then  will  the  base  0  H  of  the  isosceles  triang] 
0  D  H  represent  the  direction  and  velocity  of  the  change  o/moiio 
undergone  by  the  jet  during  its  contact  with  the  vane;  so  tha 
according  to  the  first  of  the  principles  already  laid  down, 

H  0  is  the  direcUan  of  the  pressure  exerted  by  the  jet  again^ 
the  vane  j 

and,  according  to  the  second  of  those  principles,  the  magmivde  c 
that  preBSure  is 

DQ-^i (1.) 

when  D  Q  is  the  weight  of  the  flow  of  water  in  a  second. 

But  the  whole  magnitude  of  that  pressure  is  of  less  importanc 
than  the  magnitude  of  that  component  of  it  which  is  an  ^ori  a 
--espects  the  vane;  that  is,  which  acts  along  the  direction  B D  c 
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the  vane's  motion.  To  find  that  effort,  HC  in  equation  1  is  to  bo 
replaced  by  its  projection  on  B  D,  viz.,  L  M  j  H  L  and  C  M  being 
perpendiculars  let  fall  on  B  D  from  the  two  ends  of  H  C.  There- 
fore, let  P  denote  the  effort  required ;  then 


9 


.(2.) 


and  the  energy  per  second  exerted  hj  the  jet  on  the  vane  is 

.rs-BD 


Pt4=:DQ' 


9 


.(3.) 


I  ^.  55,  the  line  corresponding  to  L  M  is  simply  D  C,  the 
Serence  between  the  velocities  of  the  jet  and  vane.] 
To  express  these  principles  algebraically,  let 
t^i  =  B  0  denote  the  original  velocity  of  the  jet ; 
tt  =  B  D,  the  velocity  of  the  vane ; 

«  =  .^c:::  I)  B  C,  the  angle  between  the  directions  of  those  veloci- 
ties; 

y  =  -*£::  M  D  H  =  supplement  .*£::  E  F  G,  the  angle  which  a 
tangoit  to  the  vane  at  the  edge  where  the  jet  leaves  it,  makes  with 
the  direction  of  motion  of  the  vane ;  then, 

B  M  =  Vj  cos  «;  D  M  =  v^  cos  «  —  u ; 
BH  =  DC  =  V [t^  +  w2 -  2  w t>i cos « } . 

DL  =  —  DHcosy(in  which  it  is  to  be  observed,  that  cosinea 
«f  obtuse  angles  are  negative) ;  and,  consequently, 

L M  =  v^  COS  «  —  tt  —  cos  y  •  ^ft;f  +  tt^  —  2  w  t?i  cos  «}  .-.(4.) 

P  =  DQ'-"{t;,  cos«— t*  —  cos>* 
9  ^ 

V  [t^  +  tt^  —  2  w  Vj  cos  « j 
Pu  =  DQ'— ju<7jCos«i  —  ti^  —  u'oosy 

V  [t;?  + 1**  —  2  tt «?!  cos  «] 

If  the  final  velocity  of  the  water,  EG  =  BH,  be  denoted  by 
tp  its  value  is 

^J[tfi-2u{v^coa»^u)+2u'OOBy  J{t^i+u^-2uv^cuHM)l  J 


(5.) 


(6.) 
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From  wliich  it  is  evident  that  equation  6  iB  equivalent  to  tht 
following : — 

Pu=DQ-5^;._ (8.) 

that  18^  the  energy  exerted  hy  the  water  on  the  vane  is  equal  to  tlu 
actual  energy  lost  by  the  water,  a  consequence  of  the  assumptioz 
that  the  friction  is  insensible. 

The  EFFiciENcr  of  the  action  of  the  jet  on  the  vane  is  the  rati< 
of  the  energy  exerted  on  the  vane  in  a  second  to  the  actual  energi 
of  the  flow  in  a  second;  that  is,  its  value  is 


l-k  = 


Tu 


.  =  1  -!^=  1  -  ^^^ 


Pq.jI  ^.  BC« 


(9] 


45— ^^,— \/{^+|-^T«--}]J 

It  is  obvious  that  there  are  two  cases  in  which  the  efficiency  u 
nothing ;  firsts  when  the  vane  stands  still,  or  u  =  0 ;  and,  secondly, 
when  &e  vane  moves  at  such  a  speed  that  P=:0;  that  is,  when 

u-r-Vi=scoB»  +  sixi€i  cotan  y (10.) 

For  each  particular  pair  of  angles  «  and  y,  there  is  an  inter- 
mediate value  of  the  ratio  u  h-  v,,  which  makes  the  efficiency  a 
maximum.  The  determination  of  that  ratio  in  the  most  general 
case  involves  the  solution  of  an  equation  of  the  fourth  order,  and  is 
not  useful  in  proportion  to  the  trouble  of  obtaining  it.  The  ratio, 
therefore,  will  be  determined  in  those  particular  cases  only  which 
are  most  useful        

11.  Case  m  which  H  C  ||  B  D. — ^In  this  case,  the  pressure  exerted 
by  the  jet  on  the  vane  is  wholly  an  effi>rt,  being  parallel  to  the 
direction  of  motion  of  the  vane.  In  order  that  it  may  be  so,  the 
angles  0  D  M,  H  D  M  =  r,  made  respectively  by  the  original  and 
final  motion  of  the  jet  relaivvely  to  Uie  vane,  with  the  direction  ot 
motion  of  the  vane,  must  be  equal,  so  that 

DX  =  E^s=f?iC0B« -ti; 

and  equations  4,  5,  6,  7,  and  9,  become 

L  M  =  2  (rj  cos  «  -  tt) ; (11.) 

^^2DQ(.co»>-i.). ^^^j 
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p^^^PQ^facos'^-^). (13^ 

V2  =  J{di-^u{v^oos»'-u)];..,. (U.) 

l-i=-^  =  l-^=ili^i^-^> (15.) 

In  this  it  is  eyident,  that  the  efficiency  is  nothing  when  u  is 
either  =  0,  or  =  Vi  cos  »,  and  that  the  ^)€ed  of  greatest  ^icUncy  is 

Vl    cos   K  ,,  /;    V 

w=-'-2 — ' ^^^'^ 

for  whidi  the  effort,  the  energy  exerted  per  second,  and  the  final' 
velocity  of  the  water,  have  the  values 

p^DQviCOB^^ ^jy^ 

if 

y^^DQ|^. ^^^^ 

^2  =  i^jL  sin  « j (19.) 

and  I3ie  greoUeat  efficiency  itself  is 

l-*  =  cos2« (20.) 

IIL  Com  q^  a  Flat  Vcme,  normal  to  the  Jei,  and  moving  in  th€ 
tame  directum  (fig.  55). — In  this  case  the  water  glances  off  from  the 
edge  of  the  vane  in  all  directions;  cos  «  =  1 ;  cos  y  =  0  j  and 
equatiQDB  5,  B,  7,  and  9,  become 

P==DQ.^i^; (21.) 

P«  =  DQ-!i^i^; (22.) 

tii  =  ^(»J-2ttt>i  +  2  »«) (23.) 

l-/b  =  ^"<y"> (24.) 

The  greatest  efficiency  evidently  takes  place  when 


and  in  that  case 


»  =  ^^; (25.) 
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— w 

DQt>f 


Ptt  = 


*=9 


^1 


.(27.) 
..(2a) 
.(29.) 


BO  that  at  least  one-half  of  the  energy  of  the  jet  is  lost 

IV.  Case  of  a  Cup  Vane  (fig.  5^). — Let  the  motion  of  this  vane 
be  in  the  same  direction  with  that  of  the  jet,  so  that  oos  «  =  1 ; 
and  to  avoid  the  inconvenience  of  using  negative  quantities,  let 
/3  =  y  —  90°  be  the  acvle  angle  made  by  the  edge  of  the  cup,  all 
round  which  the  water  glances  off,  with  the  axis  of  the  cup ;  sa 
that  —  cos  y  =  +  cos  fi.     Then  equations  4,  5,  6,  7,  and  9,  become 

LlJ  «  (vi  -  tt)  (I  +  cos  /8) ; (30.) 

p  =  DQ.5LlJf  .(i+cos/5); (31.) 

(32.) 

t^2=  J{^i-2  u{v^-u)' {I  +  COB  fi)} (33.) 


P  «  =  D  Q  •  !f>LZ^)  (1  +  cos  3) ; . 


1  _^^2t.(.,-u)^(l+ooe^) ^3^j 


The  speed  of  greatest  ^ciency  is  obviously,  as  in  case  IIL, 


U=r 


2'' 


and  then 


P  =  DQ-^-(l+008/»);. 


P«  =  DQ-;^-(l+oos/»);. 


(35.) 

(36.) 

(37.) 
(8&) 
(39.) 
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The  form  of  greatest  efficiency  for  the  vane  is  a  hemisphere,  for 
which  008  ^  =  1 ;  and  then,  when  the  speed  of  greatest  efficiency  is 
maintained,  we  find 

F=^; (4a> 

r.-^; («.) 

t'j^O; (42.) 

1-A?=1; (43.) 

Y.  Com  of  a  Flat  Vane,  oUtque  to  (M  Jet  (fig.  57). — In  this  case, 
ibe  easiest  method  of  solution  is  the  following  : — 

Let  V  =  D  0  be  the  velocity  of  the  jet  rdativdy  to  the  vane, 
found  as  in  the  general  case.  Let  the  angle  C  D  K  which  it  makes 
-with  a  normal  to  the  vane  be  denoted  by  tf. 

Besolve  i/  =s  0  D  into  two  components,  viz. : — 


ne  =  t/  •  cos  ^ ;  ] 
I  =  «/•  sin  ^;     j 


D  K  normal  to  the  vane  =: '.,     .^^  ^ ,  - 

f (*4.) 

K  C  along  the  vane  :      '     "     * 


Then  according  to  the  supposition  that  friction  is  insensible,  K  C 
is  not  affected  in  magnitude  by  the  vane;  but  D  K  is  entirely  taken 
away;  so  that  DK,  in  ^g.  57,  corresponds  to  HC  in  fig.  54,  and 
represents  the  direction  and  velocity  of  the  entire  change  of 
motion  produced  by  the  action  of  the  vane  on  the  water.  Hence 
the  whole  pressure  exerted  by  the  water  on  the  vane  is  in  a  direc- 
tion normal  to  the  vane,  and  its  magnitude  is 

P  =  DQ.5-:^5i_' (45.) 

Now  let  u  be  the  velocity  with  whicb  the  vane  moves,  in  a  direc- 
tion making  the  angle  I  with  the  normal  to  its  mxrSace;  then  the 
effort  a[ihe  water  on  the  vane  is 

P  =  F COB » - D  Q  . ^<^^^\ (46.) 

and  the  energy  exerted, 

P«  =  Dq'*^""*°°'S (47.) 

y 

which  being  divided  hj  TX^v]  ^  2  g,  ta  in  former  cases,  gives  the 
efficiency. 
Another  mode  of  arriving  at  the  same  result  ii  as  follows :— 
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Let  ^  he  the  angle  which  the  onginal  direction  of  the  jet  make 
with  tibeiiamial  to  the  vane.     Then 

v'  cos  ^  =  VjL  cos  ^  -  u  006  ); (48.) 

from  which  we  obtain 

P  =  D  Q  >iCos^cos^-ucosM, ^^^  ^ 


Ptt  =  DQ 


t*  V,  •  cos  ^  cos  J  —  tt*  COS*  3 


tt" 


l-ifc  =  2— •cos^cos^-2'-= 
The  speed  of  greatest  efficiency  is 


•cotf 


j«S. 


.(50.) 
.(51.) 


U=: 


VjJObJ^ 


giving  the  following  results  : — 
P  =  DQ 


2cos3 


V^  cos  ^  COB  B 


...{52.} 


Pi*  =  D 


which  is  ind^xnSenZ  of^, 

145.  KcM  f«rai  «f  Tane  «•  veoeHre  j«t. — In  all  Water  wheeL 
whether  the  water  acts  chiefly  by  weight  or  chiefly  by  impnlse,  i 
is  desirable,  in  order  to  reduce  to  as  small  an  amount  as  possibl 
the  loss  of  energy  by  agitation  of  the  water,  that  the  jet,  on  firs 
coming  in  contact  with  -die  vane,  float,  or  bucket  lip,  should  no 
Hrike  it,  but  glide  along  it. 

That  object  is  attained  in  the  following  manner : — 
In  fig.  58,  O  B  E  is  a  vane,  float,  or  bucket,  moving  in  th 

direction   BD    with    the    velocit 
«=BD. 
direction 

i;^=B  C,  and  first  touching  the  van 
at  and  near  the  point  R  Join  J)  C 
then  that  line  will  represent  th 
direction  and  velocity  of  the  motio: 
of  the  water  rdativdy  to  the  vane 
and  of  what  shape  soever  the  van 
may  be  eUewhere,  its  sur&ce  at  an 
near  B,  where  it  first  receives  tfa 
jet,  should  be  parallel  to  D  C« 


A  is  a  jet^  moving  in  tfa 
B  C    with    the    velocit 
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PoNCEUET^B  EcoAlB. — Thls  improyement  in  the  form  of  vaues  or 
floats  was  introduced  hj  PanoeLst,  and  applied  to  his  undershot 
vheeb,  whidi  will  be  fiirther  deecribed  in  the  AequdL  The  prin- 
ciple is  applicable  to  all  wheels  whatsoever. 

The  following  consequences  of  the  principle  are  applicable  to  the 
case  Na  IL  of  Article  144,  in  which  the  angle  y=N  D  H,  made 
hj  ihe  edge  of  the  vane  where  the  water  glances  off,  with  the 
direction  of  motion  of  the  vane,  is  supplementary  to  the  angle 
which  is  made  with  that  direction  bj  the  original  relative  motion 
of  the  jet.  This  condition  is  fulfilled  in  Poncelet's  wheels ;  for  the 
water,  after  running  up  towards  O,  to  the  vertical  height  due  to  its 
relative  velocity  D  0,  returns,  and  glances  off  at  the  edge  E  near 
B ;  ao  that  STS,  equal  and  opposite  to  D  C,  represents  the  direction 
and  velocity  of  its  final  motion  rdaUvdy  to  the  vane,  and  B  H  the 
direction  and  velocity  of  that  motion  rdativdy  to  the  earth.  It  has 
been  shown,  in  the  division  of  Article  144  just  referred  to,  that 
the  speed  of  greatest  efficiency,  neglecting  Motion,  is 


(where  u^z,^^ CBN).  Therefore,  from  D  Jet  fall  0 N  perpendi- 
cular to  BN;  bisect  BN  in  D,  and  join  D  C  ;  then  to  this  line 
the  vane,  at  and  near  B  E,  would  have  to  be  made  parallel  if  there 
were  no  fiiction.  But  one  of  the  effects  of  friction  is  to  make  the 
speed  of  greatest  efficiency  somewhat  greater  than  }  i;^.  cos  « ;  and 
diis  must  be  considered  in  designing  vanes,  as  will  be  snown  in  the 
next  Article. 

146.  Kffcct  of  Frtcitoa  daring  inpalM. — In  the  two  preceding 
Articles^  the  friction,  during  the  impulse  of  the  water  on  the  vanes, 
has  been  supposed  to  be  insensible.  Nothing  precise  is  known  of 
its  mode  of  action,  and  the  following  investigation  is  in  a  great 
measore  conjectural ;  but  its  results  show  a  general  agreement  with 
those  of  experiment 

Let  it  l^  assumed,  that  the  friction  in  question  causes  a  loss  of 
energy  p^  second  proportional  to  the  height  dvs  to  the  vdodty  of  the 
««^  rdatifody  to  ^  vcme;  which  velocity  is 

irc=  j{(t»iC08«--f*)2  +  «Jam««}. 

Then  the  loss  of  energy  per  second  by  Miction  may  be  repre- 
sentedby 

DQjr.  facoB*>-^y  +  giain^'> ^^ 

/  being  an  unknown  co-efficient. 
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Let  the  case  under  consideration  still  be  Case  11.  of  Article  1 4 
illustrated  in  fig.  58 ;  then  referring  to  equation  13  of  that  Arti< 
for  the  energy  exerted  on  the  vane  per  second  when  friction  is  n 
allowed  for,  it  appears  that,  after  deducting  loss  bj  friction,  -tli 
energy  becomes 


.(t) 


''9 
80  that  the  efiScieD(7'  is  reduced  to 

1  _  i  =  4  w  (r,  COS  .-«)_/(i>^oos. -«)«_^^,      ,3. 

From  this  expression  it  is  easily  found  that  the  speed  of  greater 
efficiency  has  the  value 

2  +  / 
^=  iqp7'  ^1  cos  •; (4.) 

being  greaJUr  than  the  speed  of  greatest  efficiency  when  friction  i 
insensible,  in  the  proportion 

4  +  2/:4+/ 

Siippose  that  the  speed  of  greatest  efficiency,  Uj,  for  a  givei 
wheel  has  been  found  by  experiment.  Then  the  co-efficient  f  \i 
given  by  the  formula 

4u^-2t>^cos> 

•^  «i  cos  •—1*1  ^    ' 

which  value  having  been  substituted  in  equation  3,  gives  for  the 
greatest  efficiency, 

1  _ jfe  =  2(t>,cos>-tO  _  igi"2t;,cos>    ^,  ^,^. 
t?j  Vj  cos  «  -  w^ 

To  illustrate  this  by  a  numerical  example  :  Suppose  that  cos  » 
s=  '99 ;  sin  «  =  '125  ;  and  that  it  has  been  found  by  experiment 
that  u^y  instead  of  being  s=  v^  cos  «  x  i>  as  would  be  the  case  if 
there  were  no  friction,  is  v^  cos  «  x  0-6. 

Then  by  equation  5,/=  1 ;  and  by  equation  6,  1  —  ^  =  0'78. 

This  r^ult  is  approximately  verified  in  practice,  as  will  after- 
wards be  shown;  and,  such  being  the  case,  it  appears  that,  in 
designing  float  boards  according  to  the  principles  of  Article  145,  B 1) 
should  be  made  =  ^•(j  B  N.     (See  fig.  58.) 
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147.    Direct  Acllmi  dIatlBgnlsliMl  Hemm  RcactloB. — The   pressure. 

vhich  a  jet  exerts  against  a  vane,  ean  always  be  distinguished  into. 
two  parts,  viz. : — 

L  The  pressure  arising  from  the  changing  the  direct  component 
Tj  cos  «  of  the  velocity  of  the  water  into  the  velocity  u  of  the  vane. 
This,  which  may  be  called  the  pressn/re  due  to  direct  impulse,  has 
always  for  its  value 

P.  =  i>Q-^^-^V^; ,..(1.) 

and  is  not  affected  by  friction  nor  by  any  other  cause ;  and  the 
energy  "which  it  exerts  per  second  on  the  vane  is  always 

P,u  =  DQ-"(''^'^''-">, (2.) 

y 

bearing  to  the  whole  actual  energy  of  the  water  the  proportion 

2  ^  fa  cos  «t  -  u)^  . 
5j ' (^-^ 


whose  maximum  value,  viz., — 

cos*  « 


2 


.(4.) 


ccirreaponds  to  the  speed. 


Vi  cos  « 


For  a  flat  vane  moving  normally,  as  in  fig.  55,  this  direct  action 
is  the  only  action  by  impulse  of  the  water  on  the  vane.  It  is  also 
the  only  action  by  impulse  when  water  enters  a  bucket  and  does 
not  immediately  glance  out  again,  but  continues  to  move  along  with 
the  bucket 

IL  The  term  reaction  is  applied  to  the  additional  action  de- 
pending on  the  direction  and  velocity  with  which  the  water  glances 
offf  from  the  vane.  It  is  this  which  is  diminished  by  the  friction 
between  the  water  and  the  vane,  or  amongst  the  particles  of  water 
which  act  on  the  vane. 

Still  referring  to  the  case  so  often  supposed,  in  which  the  water 
glances  off  at  tiie  same  obliquity  with  which  it  first  glided  on  to 
the  vane  (Article  144,  Case  11.^,  it  appears,  from  equations  12,  13, 
and  15  of  that  Article,  that  if  mction  were  insensible,  the  pressure, 
energy,  and  efficiency  due  to  reaction  would  be  simply  equal  to 
tiioee  doe  to  the  direct  action,  so  that  its  effect  would  be  to  double 
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each  of  these  quantities ;  and  it  appears  further,  from  Article  14  < 
equations  2  and  3,  that  the  pressure,  energy,  and  efficiency  due  t 
reaction,  when  friction  is  considered,  are — 

p  pnJ^i<^^-^  faco8^-u)g+T>«sin«^|  (6.) 
p^„.^I>Q|^facoa^-^^)^(t;iCOs^-^y+t^am«^  )  ^^^ 
Additional  efficiency — 

The  value  of  ^  in  the  case  of  Poncelet's  vanes,  for  which  «  is 
small  angle,  appears  to  be  nearly  =1.  It  is  not,  however,  to  I 
taken  for  granted  that  it  has  the  same  value  for  vanes  of  othe 
forms.  It  is  probable,  on  the  contraiy,  that /depends  in  some  wu 
on  the  angle  «,  becoming  smaller  as  »  approaches  a  right  angle,  ani 
also  that  it  depends  on  the  figures  of  the  vanes;  but  experimenta 
data  are  wantmg  to  determine  the  law  of  such  dependence. 

14:8.   EAclencr  of  Terttcal  Water  IVIieels  In  Oencral. — ^As  respect 

the  laws  of  their  efficiency,  the  vertical  water  wheels  now  in  us 
belong  to  two  classes,  viz., — Weight  amd  tmpulse  wheels,  com 
prising  overshot  and  breast  wheels;  and  impulse  wJieeU,  beinj 
undershot  wheels. 

L  Weight  cmd  Impulse  WJieds, — Let  H  be  the  total  head,  an< 
H,  =  (l-^H, (1.) 

the  available  head  at  the  wheel,  as  reduced  for  losses  of  head 
according  to  the  principles  of  Article  99.  This  available  head  L 
to  be  distinguished  into  two  parts,  as  follows  : — 

Sx  =  *+2l; • ^"-^ 

^  being  that  portion  of  the  head  which  is  employed  in  giving  th( 

water  the  velocity  with  which  it  is  delivered  to  the  wheel,  and  / 
the  height  through  which  the  water  acts  directly  on  the  wheel  bj 
its  weight. 

Let  u  be  the  velocity  of  the  circumference  of  the  wheel  Then 
the  total  energy  of  the  available  fall  per  second  is  composed  of  that 
due  to  action  by  weight,  D  Q  A^  and  that  due  to  dmoA  aoUon  bj 
impulse^ 

^  g  - 


EFPICrENCY  OP  VERTICAL  WATER  WHEELS.  175 

and  of  that  energy  a  certain  fraction,  which  may  be  denoted  hy  k'", 
i&  lost  through  leakage  or  escape  of  water,  and  varioiiB  resistances 
vhich  can  only  be  ascertained  empirijcally ;  so  that  the  ebkectiyb 
POWER  of  the  wheel  is 

R^u  =  (l-g-)P«-=(l-y')PQ{^+"^''^'^'""HC3-) 

V  if  * 

and  its  e£fectiYe  load,  reduced  to  its  circumference, 

B,  =  (1  -  A-)  P  =  (1  -  A")  B  Q  { 1+    fa^*-")  }  ...(4.) 

The  value  of  1  —  AT,  according  to  experiments  on  many  water 
wheels  made  and  recorded  by  Poncelet  and  General  Morin,  ranges 
from  -74  to  -82,  and  is  on  an  average 

(1-^0  =  -78  nearly (5.) 

The  EFFiciRKGT  of  the  wheel  is 

,   ,  ttfacosK—tt) 

1  _/,"  =  (1  ^k'^ 5 (6.) 

It  ranges  from  about  '66  to  -8  nearly. 

The  sur&oe-velocity  u  of  the  wheel  is  fixed  by  considerations  of 
practical  convenience.  It  was  formerly  limited  to  3  feet  per  second, 
but  is  now  generally  6  feet  per  second,  or  thereabouts. 

The  velocity  of  supply  t?^,  corresponding  to  the  greatest  efficiency 
for  a  given  value  of  u,  is 

Vi  = ; (7.) 

*     cos  » '  ^   ' 

and  the  corresponding  greatest  efficiency  of  the  wheel, 
-     vj  cos^  m  -     tt* 

i-k-^ii-n'^  ^J  -(i-n — ^^ (8.) 

2g  g  cos'  « 

IL  Impulse  wheeU  are  to  be  distinguished  into  those  without 
and  those  with  reaction.  The  o\di  Jlal-Jloated  wndershoi  uihed,  shown 
in  fig.  53,  is  an  example  of  an  impulse  wheel  without  reaction* 
The  formula  applicable  to  it  are  obtained  from  those  just  given, 
simply  by  r^ftTrrng  A  =  0 ;  but  the  value  of  1  —  k*^  for  it  is  only 
about  '66  or. -7,  so  that  its  greatest  efficiency  is  from,  *33  to  '35. 
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The  improved  undershot  wheel,  or  "Pancelel  toheei,^  is  a 
example  of  an  impulse  wheel  with  reaction.  The  principle  upo 
which  the  form  of  its  vanes  depends  has  been  given  in  Article  1 45,  an 
the  formuliB  for  its  load,  its  work  per  second,  and  the  efficiency  c 
the  action  of  the  water  upon  it,  in  Article  146,  supposing  k"*  =  i 
Taking,  as  in  Article  146,  the  oo-effident  of  £riction/=  1,  and  nmlti 
plying  by  1  — ^'*  to  allow  for  leakage,  &a,  we  find,  for  the  effec 
TiVB  LOAD,  POWER,  and  EFFiciENCT,  the  following  formuln : — 

R,  =  DQ'-.g •   -{(vjCOBi*  —  u)'{5u  —  v^cos*) — «f-ain?«! 

^-DQ'lzzKUuv^coBa  —  Su^  —  vi) (9.) 

IliM  =  DQi-=-^(6wVi00s«  — 5tt«  — t;f)....(10.) 

D  Q  ^  ^    ^i  ^  ^ 

The  value  of  1  —  ifc"',  by  the  experiments  of  Poncelet  and  (}eneni 
Morin,  has  been  found  to  be  nearly  the  same  as  for  overshot  an( 
breast  wheels; — ^that  is,  it  ranges  from  about  •75  to  -8,  and  is  oi 
an  average  about — 

1  -r  =  -78 (12.) 

The  speed  ofgreaJUst  efficiency  is,  as  stated  in  Article  146,  aboui- 

«j  =  -6  v^  cos  !• ; (13.) 

and  then  equations  9, 10,  and  11,  become-* 

^        .-         .-^  -w.  r^^\  (I'S  <5os*  « -  1)  „  ,  - 

I^^(l-r)DQ  '^2y.o.6c«,  ^ ("•) 

Ki«i-(i-*")dQ^.  (i-8co««  — i);.....(15.) 

i  ^«5'  =  ^^  =  (l  _  ife-')  .  (l-8  coB«  *  —  l) (16). 

Tg 

Tkking,  M  in  the  example  at  the  end  of  Article  U6,  ooi^  mm -99 
and  1  — k"-^  -78,  we  find  for  the  greatest  effidenqy-:— 
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•78  X -78= -608; 

Kl— ife•'=•75,wehave— 
•75x'78=•585;    I-  (17.) 

andifl— it*=-8,— 

•8x  -78  =  -624. 

When  a  water  wheel  works  ^^drowned^^ — ^that  is,  when  the  tail 
race  is  flooded,  so  as  to  immerse  the  lower  part  of  the  wheel,  the 
£Bu:tor  1  — k"  is  reduced  to  about  0*6;  so  that  Hie  efficiency  of  ck 
drowned  wheel  is  abovi  th/ree-qtiarters  of  that  of  a  whed  not  drovmecL 

149.  cii«ice  mf  u  ciaaa  mf  WheeL — ^Taking  the  efficiency  of  that 
part  of  the  £edl  which  acts  by  weight  on  a  weight-and-impulse 
vheel  at  0*8,  and  of  that  part  which  acts  by  impulse  at  0*4,  and 
the  efficiency  of  an  impulse  wheel  at  0-6,  it  is  evident  that  the 

{less  ) 
>  efficient  than  the  impulse 

wheel,  according  as  the  portion  of  the  fall  of  the  former  which  acta 

by  impulse  is  <  ^^  \  tliaii  one-half.     In  a  weight-and-impulso- 

wheel,  also,  the  speed  of  the  wheel  should  be  about  half  of  that  of 
the  water  when  supplied;  that  is,  should  be  due  to  about  one- 
quarter  of  that  part  of  the  fall  which  acts  by  impulse.     Therefore* 

the  weight  and  impulse  wheel  is  <     ^^  I  efficient  than  the  impulse 

wheel,  accordiQg  as  the  height  due  to  the  surface  velocity  of  the^ 

wheel  is  <  ^^^  >  than  one-eighth  of  the  whole  &11  at  the  wheel 

It  is  advisable  that  the  surfiace  velocity  of  a  water  wheel  should' 
not  be  less  than  6  feet  per  second.  Eight  times  the  height  due  to^ 
this  velocity  is  about  4^  feet;  therefore  for  all  falls  not  exceeding 
this,  the  impulse  wheel  is  certainly  the  best;  and  the  greater  the 
required  sai&»  velocity,  the  higher  is  the  limit  of  fall  up  to  whichs 
the  impulse  wheel  is  superior. 

The  rule  now  laid  down  is  of  course  only  to  be  followed  when 
there  is  no  good  reason  for  deviating  from  it. 

Section  2.— Of  Overshot  and  Breast  Wheds. 

150.  OrcnhM  and  Brcost  Wheels  distlaffvliriied. — In   order  thaiT 

a  wheel  may  be  a  breast  wheel,  it  must  be  provided  with  the  ''breast" 
or  circular  trough  mentioned  in  Article  143,  for  diminishing  the- 
spilliug  of  water  from  the  buckets.  Although,  therefore,  the  term 
*' overshot  wheel"  was  originally  employed  to  designate  those 

N 
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wheels  only  in  which  the  penstock  ib  above  the  level  of  the  to] 
of  the  wheel,  so  as  to  shoot  the  water  over  the  wheel,  it  is  desiiabL 
that  it  should  now  be  extended  to  every  bucket  wheel  which  re 
ceives  the  water  at  a  high  part  of  its  circumference,  and  is  no 
provided  with  a  breast 

The  necessity  for  a  breast  depends  on  the  form  and  dimensions  o 
the  buckets;  and  its  presence  or  absence  does  not  affect  the  prin 
dples  of  the  action  of  the  wheel 

151.  ]»cM;rl|»ti«n  mf  a  BreaM  IVIieeL — ^The  following  descriptioi 
of  a  breast  wheel,  which  may  serve  as  a  type  of  the  entire  class  o 
overshot  and  breast  wheels,  is  extracted  from  a  paper  by  Mi 
Fairbaim. 

Fig.  59  is  a  sectional  plan  of  the  wheel,  on  a  scale  of  about  Ti^tl 
of  the  real  dimensions.  Fig.  60  is  a  vertica 
section  perpendicular  to  the  axis  of  the  wheel 
on  a  scale  of  shr,  and  fig.  61  is  an  enlarges 
vertical  section  of  some  of  the  buckets  an< 
part  of  the  sole  plate.  The  wheel  shown  is  5i 
feet  in  diameter,  the  greatest  available  fal 
being  48  feet* 

The  shrouding  of  the  wheel  is  suspenda 
from  the  shaft  by  means  of  the  arms,  whicl 
are  slender  rods  of  wrought  iron,  in  this  cas< 
from  1|  inch  to  2  inches  in  diameter.  Th< 
weight  of  the  wheel  exclusive  of  the  water  ii 
the  buckets,  homgs  from  the  shaft  by  thos^ 
arms  which  point  obliquely  or  directly  down 
wards  at  the  time.  The  inner  ends  of  thi 
arms  are  inserted  into  sockets  in  a  cast  iroi 
nave  or  boss,  and  are  fixed  and  pulled  tigh^ 
by  means  of  cotters  or  wedges.  Some  of  the 
arms,  marked  a,  are  perpendicular  to  the  shaft, 
and  these  support  the  greater  part  of  the 
weight;  the  other  arms,  marked  6,  run  dia- 
gonally, and  serve  to  give  stiffiiess. 

The  weight  of  the  water  in  the  buckets  is 
borne  by  the  pinion  which  transmits  motion 
Fig.  69.  to  the    machinery,   being    driven  in  inside 

gearing  by  the  cogged  ring  R  In  the  present  example  the  pitch 
-of  the  cogs  is  3^  inches,  and  their  breadth  15  inches. 

This  improvement  of  using  tension  rods  instead  of  stiff  spokes, 
imd  of  placing  the  pinion  so  as  to  support  the  weight  of  the  water, 
and  relieve  the  wheel  shaft  of  all  load  except  Ae  wdght  of  the 
wheel,  is  ascribed  to  Mr.  Hewes.  It  has  greatly  diminiahed  the 
weighty  costj  and  friction  of  large  water  wheels. 
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A  is  the  shuttle  or  regulating  sluice,  which,  as  described  in  Article 
141,  is  a  moveable  oyerfiBdl  deliyering  water  over  its  upper  edget^ 


FSg.  60. 

and  moved  by  means  of  a  rack  and  pinion,  whose  motions  are  con- 
trolled by  the  governor.  The  figure  of  the  sluice  is  that  of  a  portion 
of  a  cylinder  concentric  with  fiie  wheel;  and  so  also  is  the  figure 
of  the  front  of  the  penstock.  The  water  is  delivered  into  the 
backets  between  a  set  of  guide  blades,  like  the  bars  of  a  Venetian 
blind,  which  are  so  placed  as  to  cause  the  stream  to  glide  into  the 
backets  without  striking  them. 

OF  is  the  breast,  to  prevent  the  spilling  of  water  from  the 
buckets.    Its  figure  is  part  of  a  cylinder  concentric  with  the  wheeL 

The  breast,  front  of  the  penstock,  and  edges  of  the  guide  blades, 
are  all  situated  in  one  cylindrical  surface,  as  close  to  the  circum- 
ference of  wheel  as  is  practicable  without  the  risk  of  actual  contact. 
About  0*4  inch  of  clearance  is  sufficient  for  that  purpose. 

At  the  point  F,  10  inches  back  from  a  vertical  line  let  fall  from 
the  axis,  the  breast  terminates  with  a  sudden  drop  into  the  tail 
race  K  The  depth,  from  the  lower  edge  of  the  breast  to  the  bottom 
of  the  tail  race,  is  about  two  feet.  This  allows  the  buckets  to  dear 
thenuelves  rapidly  of  water  before  beginning  to  ascend,  and  leta 
the  tail  water  escape  easily,  without  too  much  loss  of  head. 
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In  fig.  61,  backets  are  shown  with  a  close  sole  plate,  and 

^jj^r— -^r-^^^,.^^^^  r— 7— ->.^^  circular  air-pasn 
ff  f  F^  v^*x^  /  /  jt^P^  between  the  si 
//  U  ff  ffC  L  fw  if  /  /  P^*«  *^d  <^e  ^»« 
U^V»iWiC  N^  '^^^^S^(      ^^  ^®  buckets,  lu 

^*^        «    -•     ^^■'^  «.     --T^       ing  an  air  hole  ic 

^  ^^  ''K-  «^  it  from  each  buck 

for  the  dischaige  of  air,  while  the  bucket  is  filling  with  water,  ai 
the  re-admission  of  air  while  the  bucket  is  discharging  its  wat< 
This  construction  is  suitable  for  wheels  which  are  liable  to  1 
drowned  by  the  flooding  of  the  tail  raca 

Another  construction  of  vertical  bucket  is  shown  in  %%.  6! 
the  sole  plate  being  dispensed  with,  and  each  bucket  having  1 
air-passage  behind  ^e  bucket  next  above^  opening  into  the  interim 
of  ttie  wheel. 

The  present  mode  of  ventilating  buckets  was  introduced  hj  M 
Fairbaim. 

152.  Diameter  mi  iviioeL — The  best  surface  velocity  for  an  ove 
shot  or  breast  wheel  being  about  6  feet  per  second,  and  the  be 
velocily  for  the  water  supplied  to  it  being  about  double  of  that,  < 
12  feet  per  second,  which  is  due  to  a  fall  of  about  2^  feet,  it  folloin 
that  the  summit  of  the  wheel,  if  it  is  to  receive  the  water  exactl 
on  the  top,  should  not  be  more  than  2^  feet  below  the  top-wat€ 
level  in  the  penstock.  The  bottom  of  the  wheel  should  just  dea 
the  water  in  the  tail  race.  Therefore  the  diameter  of  tibe  whec 
should  TuA  be  less  than 

The  available fall^2\  feet; (1.) 

and  this  applies  to  overshot  wheels  not  ventilated. 

But  in  order  that  the  water  may  not  escape  through  the  air 
passages  of  wheels  with  ventilated  buckets,  it  is  advisable  that  th< 
water  should  be  fed  to  the  wheel  at  about  30**  below  the  summit 
that  is  to  say,  at  a  depth  of  about  -933,  or  1  -^  1-072  of  th< 
diameter  below  the  summit.  Therefore,  for  such  wheels,  it  ii 
advisable  to  make  the  diameter  not  less  tJian 

1-072  X  (available  fall— 2i  feet); (2.) 

and  this  rule  will  answer  when  the  level  of  the  water  in  the  pen- 
stock is  not  subject  to  ihefluctvLotione  of  more  than  about  afoot,, 

"When  the  level  of  the  water  in  the  penstock  is  subject  to  greater 
fluctuations  than  this,  it  is  desirable,  in  order  to  fisicilitate  the  adjust- 
ment of  the  position  of  the  regulating  sluice  to  those  fluctuations, 
that  the  wheel  should  receive  the  water  at  a  place  where  its 
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etrcuinference  is  more  nearly  vertical ;  that  is,  at  from  60**  to  90^ 
below  the  summit;  so  that  the  diameter  should  be 

/ram  l^  to  2  x  (available  fall— 2^  feet); (3.) 

These  rules  are  not  given  to  be  implicitly  followed,  but  only  to 
guide  the  engineer  when  there  ai*e  no  other  circumstances  to  fix 
his  choice  of  a  diameter  for  the  wheeL 

153.  PlMi«a  an4  Cogged  Ring. —  The  position  of  the  pinion 
should  be  such,  that  the  piich-point,  where  its  teeth  are  driven  by 
those  of  the  cogged  ring,  may  be  in  the  same  vertical  plane  parallel 
to  the  axis,  with  the  centre  of  gravity  of  the  ma^  of  water 
contained  in  the  buckets. 

The  distance  of  the  centre  of  gravity  of  a  circular  arc  from  the 
centre  of  the  circle  is  given  by  the  formula, 

Badius  x  chord  ^ 
length  of  arc    ' 

and  if  this  be  applied  to  an  arc  traversing  the  frill  buckets,  midway 
between  the  sole  plate  and  the  outer  circumference  of  the  wheel, 
it  will  give  the  position  of  the  centre  of  gravity  of  the  descending 
water  very  nearly. 

It  would  be  desirable  that  there  should  be  a  pair  of  cogged  rings, 
one  at  each  side  of  the  wheel,  driving  a  pair  of  pinions,  in  order  to 
relieve  the  shaft  of  all  pressure  arising  from  the  weight  of  the 
water;  were  it  not  that  it  has  been  found  impossible  in  practice  to 
obtain  such  exact  fitting  of  the  two  rings  and  two  pinions  as  to 
insure  perfect  equality  of  pressure  and  smoothness  of  motion. 

154.  streMgth  of  OndgcoBs. — ^The  gudgeons,  or  ends  of  the  wheel 
shaft  ou  which  it  turns,  have  each  to  bear,  when  the  wheel  is 
unloaded  and  at  rest,  one-half  of  the  weight  of  the  wheel  When 
the  wheel  is  loaded  and  in  motion,  the  gudgeon  nearest  the  cogged 
ring  has  to  bear  half  the  weight  of  the  wheel  less  about  half  the 
weight  of  the  water,  and  the  gudgeon  farthest  frt)m  the  cogged  ring, 
half  the  weight  of  the  wheel  added  to  about  half  the  weight  of  the 
water. 

Let  L  denote  the  greatest  actual  load  on  a  given  gudgeon  in 
pounds;  then  if  its  length  is  from  five-sixths  of  its  diameter  to  about 
equal  to  its  diameter,  its  proper  diameter  in  inches  is  about 

**-  '30  • 

155.  atroMith  •€  Armm. — ^The  veight  is  supported  by  fhe  seyeral 
•nns  which  point  directly  or  obliquely  down-wards,  very  nearly  in 
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the  proportion  of  the  squares  of  the  cosmes  of  their  inclinations 
the  verticaL 

Let  i,  then,  denote  the  inclination  of  anj  one  arm  to  the  vertic 
at  a  given  instant,  and 

S-COB^l 

the  sum  of  the  squares  of  the  cosines  of  the  inclinations  to  ti 
Terfcical  of  the  several  arms  which  point  downwards  at  the  giv< 
instant.     Also,  let  W  be  the  total  weight  to  be  supported.     Thei 


.(1.) 


is  the  greatest  tension  on  any  radial  arm,  at  the  instant  when 
comes  in  its  turn  to  point  vertically  downwards;  and  allowii 
10,000  lbs.  on  the  square  inch  as  a  safe  working  tension  on  wrong! 
iron  bars, 

T 

Ipoo ^^-^ 

is  the  proper  sectional  area  for  each  radial  arm,  in  square  inches. 

Let  a  denote  the  least  inclination  to  the  vertical  of  each  of  tl 

oblique  arms ;  then  the  proper  sectional  area  for  each  of  them  is 

10,000 ^  ^^ 

156.  Speed  ABd  OlneiialMs  ef  ShrmtdlBS.  —  The  least  SOr&i 
velocity  for  overshot  and  breast  wheels  is  about  6  feet  per  secon 
Deviations  from  that  velocity  may  be  made  for  particular  purposes 
but  it  is  seldom  desirable  to  go  below  4^  feet,  or  above  8  feet  p 
second.  The  depth  of  the  shrouding  or  crowns  between  which  tl 
buckets  are  contained,  ranges  from  1  foot  to  If  foot,  its  most  usw 
value  being  about  1^  foot.  Let  this  be  denoted  by  5.  It  is  aJs 
the  extreme  breadth  of  each  bucket,  measured  in  the  direction  of 
radius  of  the  wheel 

Let  I  be  the  deoflr  breads  between  the  crowns,  being  also  th< 
dear  length  of  each  bucket. 

Let  r  be  the  outside  radius  of  the  wheel ;  u,  as  before,  its  surfao 
velocity. 

In  order  to  avoid  as  far  as  possible  the  waste  of  water  by  spillinj 
from  the  buckets,  it  is  considered  that  only  about  two-thiDis  of  th( 
space  between  the  crowns,  on  the  loaded  arc  of  the  wheel,  ought  Xa 
he  filled  with  water.  The  wheel,  then,  carries  down  water  at  th( 
following  rate  per  second  (all  the  dimensions  being  in  feet) : — 
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Q=i«^K'-2^)' <i) 


frcfBk  which  we  deduce  the  following  formula  to  determine  the  dear 
breadth  of  whed,  or  length  of  Imcket,  I,  when  Q^  u,  r,  and  h,  are 
given: — 

3Q 


;= 


i«»0-2^) 


•w 


157.  Flsare  aad  ]>inieMsl«ns  of  Bnckets. — ^The  general  figUie  of 

hucketB  has  already  beea  illustrated.  It  is  usual  to  make  the  dis- 
tance between  their  bottoms,  measured  along  the  sole  plate,  equal 
to  the  depth  of  the  shrouding  5. 

The  width  of  the  opening  between  the  lip  of  each  bucket  and  the 
front  of  the  bucket  next  above,  when  the  wheel  receives  the  water 

near  the  top,  may  be  made  =75;  but  the  lower  the  wheel  receives 

o 

the  water,  the  wider  must  that  opening  be  made;  and  as  a  general 
rule,  when  the  inclination  to  the  horizon  of  the  wheers  circum- 
ference at  the  place  where  it  receives  the  water  exceeds  24°,  tho 
proper  width  is  about 

■gT  X  sin.  inclination. 


158.  CtaMo  Biitica  aad  RegaiatMb — Aa  already  shown  in  fig.  63, 
the  water  is  supplied  to  the  wheel  between  a  _ 

series  of  guide  blades. 

These  blades  are  from  three  to  four  inches 
apart,  and  their  lower  edges  come  within 
about  0-4  inch  of  the  wheel  They  are  usually 
of  ca8feirQn,aboutthree-eighthsof  an  inch  thick. 

Their  positions  are  determined  by  the  fol- 
lowing method,  founded  on  the  principles  of 
Article  145 : — 

In  fig.  63,  let  A  B  be  a  section  of  a  bucket, 
B  its  lip.  Draw  the  straight  line  B  D  H  a 
tangent  to  the  circumference  of  the  wheel; 
and  make  B  D  =:  t^,  the  surface  velocity;  and 
B  H  =  2  «.  Draw  D  L  parallel  to  a  tangent 
to  the  lip  of  the  bucket ;  draw  H  C  perpen- 
dicular to  B  H,  cutting  D  L  in  C;  join  B  0. 

Then  B  C  represents  the  best  velocity  v^  iot  the  supply  of  water 
to  the  wheel ;  and  the  ndddle  outlet  between  the  series  of  guide 


Fig.  63. 
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ttdke  i3  to  be  placed  at  tlie  depth  below  the  topwater  le^^el  ii 
]Mtts(iMk  due  to  that  Telocitj,  yiz. : — 

«?  r 

AJ»K  <^HBC  will  be  ^e  proper  aii|^e  for  the  gaide  blad 
^  itt^ldltt  ottdiet  to  SMke  with  the  tangentB  to  the  circmnfer 
^'t2K»  wh!««fl  «t  tbe  potntB  where  they  meet  it,  in  order  tliAt 
>iwti>tfe  ny  ^itefe  iaift)  the  biAet  without  colKjonm.    It  appears 
t^   w  y tfwa^  ly  iwa'Bi.iiiiM  fcr  enfiees  between  guide   blade 

v>Ht^«»^(«mc^>r^  ^  «ycu  »«a  dxim  ootlets  reiiuifed  far  the  flow 


*  voi^  ttr  i««^  V  :m  jacgwi^iBaa  ^arc  ef  eack  owtlei  bdow  tl 
^^-•«<aiiftc   ii«t?^  ,x   a:*«-  "^efiAKS:    sauuma^  'sae  ieiuciij  doe  to  ihi 

•tsssi  '«tvx*  .n^  AT  ^  V  ::7«.  A  ,%i^ts  ^  's^-nxi^.  aadi  as  K,  L^  in  thi 

i  -^    /  ."^  -      ijM«  -%:..  :5^  3  5L  — . H  ?  I«  he  imMjOiidy  the 

.•,^v-«Kk    -^^  .-whT^im-  V    ^j^^T'x.^  "D  'ssip  ^v^»*r&^  3ir"ihe  aaide  Uades 
H»    •.  '.»ia<  ^n;*^    uj,  tft^u'-i-jft-  «c^  3  i.  3  ^;  a^ii  la  en  £ir  oCher 

v>v.»»4v  N.».ti  ■»•.■,, -  j^^   sn   *■*<*    L    ]a»  Jw=z.T^a  "swnma  tfe 
^*     1.  ^^K  <s^i«    «    .^n«n«LV4£c      "*.  ^at'c-^  jifc  js^mMMt  W  tic  fa^ 
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Bfanmdiiig,  that  is,  when  the  wheel  reoeires  the  water  within  about 
2(P  of  the  top,  the  breast  is  unnecessaiy ;  but  for  greater  openings 
of  the  bucket,  it  is  required. 

The  tail  race,  according  to  Mr.  Fairbaim,  should  commence  at 
10  inches  behind  a  vertical  line  let  fall  from  the  axis,  and  should 
be  at  least  1^  foot  or  2  feet  deep  at  the  commencement. 

160.  The  EAeimcr  is  found  by  the  formulaB  of  Article  148, 
putting  for  «  the  angle  H  B  C  of  fig.  63. 

Ah  a  small  proportion  only  of  the  energy  exerted  by  the  water 
on  an  overshot  or  breast  wheel  is  due  to  impulse,  the  loss  of 
effideniy  by  moderate  deviations  from  the  best  surface  velocity  is 
bat  smtJL  Thus,  although  the  surface  velocily  of  greatest  effi- 
ciency is 

v^  cos« 

that  velocity  may  vary  between  the  limits 

0*3  (»!  cos  «)  and  0*7  (vj  cos  «) 

without  any  important  waste  of  energy. 

If  the  average  efficiency  of  overshot  and  breast  wheels,  designed 
and  constructed  in  the  best  manner,  be  estimated  at  0*75,  it  follows 
that  the  energy  of  the  available  fall,  from  the  penstock  to  the  tail 
race,  to  give  one  effective  har&&-p<noer,  is  on  an  average, 

QQ  AAA 

^^^  =  Ufi00foot4b8.  per  minvU. 

161.  OrenlMt  Wheeb  at  migh  Sp««4s  ^A.  Jf.,  634). — ^In  a  few 
cases  of  not  very  ordinary  occurrence,  it  is  necessary  to  give  the 
▼heel  so  great  a  speed  that  the  centrifugal  force  causes  a  sensible 
proportion  of  the  water  to  be  spilt  from  the  buckets  during  their 
descent. 

In  fig.  64,  let  C  represent  the  axis  of  the  wheel, 
and  B  a  bucket.  Let  a  denote  the  cmgvlar  vdocUy 
of  the  wheel,  whose  value  is 

u 

'»=7 (1-) 

Take  C  A  vertically  upwards  from  the  axis,  to  re- 
present^ 88  given  hj  the  equation 


CA  =  -^  =  -j  =  ^^— J (2.) 


Fig.  64. 


▼here  n  is  the  number  of  revolutions  per  second.    Then  the  surfiice 
of  the  water  in  the  bucket  is  perpendicular  to  A  B. 
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The  height  of  A  above  C  is  independent  of  eveiy  dzcomsta: 
^cept  the  time  of  revolution;  being,  in  feict,  the  height  o 
revolving  pendulum  -which  revolves  in  the  same  time  with 
wheel  (see  Artide  19).  The  point  A  is  the  same  for  all  huck 
carried  bj  the  same  wheel  with  the  same  angular  velocity,  and 
all  points  in  the  surface  of  the  water  in  the  same  bucket,  whet 
nearer  to  or  farther  from  the  axis  C ;  so  that  the  upper  surface 
the  water  in  each  bucket  is  part  of  a  cylinder  described  about 
axis  traversing  A,  and  parallel  to  the  axis  of  the  wheeL 

By  drawing  a  vertical  section  of  the  circle  of  buckets  to  a  ac 
findmg  the  point  A,  and  describing  arcs  about  it  to  represent 
surface  of  the  water  in  each  bucket,  the  waste  of  water  and 
energy  by  centrifugal  force  may  be  determined.    If  A  is  in  the  < 
cumference  of  the  wheel,  no  water  can  enter  the  buckets. 


Section  3.^0/  Undershot  Wheds. 


162.  ]>McriptioB  of  a  Ponceiet  WheeL — The  wheel  represeni 
in  fig.  65  is  one  erected  in  England  by  Mr.  Eairbaiin^  and  ia  of  1 


Fig.  66. 

best  design  in  every  respect  except  one,  viz.,  that  the  bottom  of  th 
wheel  race  is  straight,  instead  of  being  curved  in  a  manner  whic 
will  be  described  in  Article  166. 

A  is  the  reservoir;  B,  the  wheel  race;  0,  the  regulating  sluiw 
held  against  the  pressure  of  the  water  by  jointed  links,  balancei 
by  a  counterpoise,  and  moved  by  a  rack  and  pinion;  D,  the  wheel 
having  a  pair  of  crowns,  no  sole  plate,  and  a  series  of  curved  vanes 
E,  the  tail  race,  with  a  drop  into  it  from  the  end  of  the  wheel  race 
as  for  a  breast  wheeL 

163.  Viameier  ef  WheeL — When  not  fixed  by  other  coDsideia 
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iaora,  it  is  usual  to  make  the  diameter  of  the  wheel  about  double 
the&lL 

164  The  PgpO  jT  ShMoaing  ought  to  be  saffident  to  preyent  the 
▼ater  which  glides  up  the  vanes  from  oveiflowing  their  upper  edges  ; 
because  in  order  to  produce  the  best  efficiency,  the  water  should 
all  glide  down  again,  and  glance  off  at  the  lower  edges  of  the  vanes. 

The  best  velocity  of  the  water  relatively  to  the  vanes  is  about 
0-4  of  the  velocity  of  supply  Vj ;  but  to  provide  for  the  contingency 
of  that  velocity  amounting  to  07  v^,  it  is  advisable  to  give  the 
shrouding  the  depth  due  to  0*7  v^ ;  that  is  to  say,  ahotU  half  the 
depth/rom  the  topwater  levd  in  tJie  penstock  to  the  oiulet  of  the  duice, 

165.  The  Begniating  Maice  is  placed  as  close  as  possible  to  the 
wheel,  and  is  consequently  inclined.  The  co-efficient  of  contraction 
c  of  its  outlet  (as  already  stated,  Article  140),  is  from  0-74  to  0-8  ; 
therefore,  the  depth  of  its  opening  is  from  four-thirds  to  five-fourths 
of  ihe  depth  of  the  stream  which  issues  from  it. 

The  greatest  depth  of  that  stream  should  not  exceed  about  one- 
fiilh  of  the  depth  of  the  shrouding ;  therefore,  the  depth  of  opening 
of  the  sluice  for  the  maximum  JUajo  should  be  about  one-fourth  of 
the  depth  of  the  shrouding,  or  one-eighth  of  the  depth  of  the 
centre  of  the  orifice  below  the  topwater  leveL 

Let  Q  be  the  greatest  flow  to  be  used,  in  cubic  feet  per  second ; 

A',  the  depth  of  the  middle  of  the  orifice  below  topwater; 

dy  the  depth  of  the  orifice ; 

/,  the  lengQh  of  the  orifice,  or  hreadlh  of  the  opening  of  the  sluice; 
then 

Q   _      Q 


^  = 


cdv^     cdJ2gh' 


all  dimensions  being  in  f eetk 

166.  The  Whed  Race  is  designed  as  follows  (see  fig.  ^Q)  : — 
Draw  H  F  G  a  tangent  to  the  wheel,  with  a  declivity  of  one  in  ten. 
This  declivity  is  to  preserve  the  velocity  of  supply  v^  undiminished. 

At  the  height  c  d  (Article 
165)   above  H  F  G,  draw  ^ammsak     \  I  i» 

K  L  to  represent  the  upper 
surface  of  the  stream,  meet- 
ing the  circumference  of  the 
wheel  at  the  point  L.  Then 
make  the  section  of  the  bot- 
tom of  the  wheel  race  frx>m 
G  to  F  an  arc  of  a  circle, 
equal  to  G  L,  and  of  the 
same  radius ;  that  is,  the 
radius  of  the  wheel. 


Fig.  66. 
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From  G  to  E  the  wheel  nice  is  formed  so  as  to  dear  the  wKc 
by  aboat  0*4  incL 

167.  The  SarOice  Tciocitr  of  the  wheel  for  the  greatest  efficieu* 
has  already  been  stated,  in  Article  146,  to  be 

u^  s  '6  «^  cos  « (1.) 

In  this  expression  «  is  to  be  held  to  represent  the  mean  ang 
which  the  stream  makes  with  a  tangent  to  the  wheel,  which  is  tc: 
nearly 

1  .     ed 
'  „  arc.  versm.  — 

2  r 


•  •=1  arc.  versin.  ^— , (2.) 


168.  ▼«■«•  •r  Fioatik — A&  to  the  nomber  of  vanes,  from  two 
thi*ee  in  the  length  of  the  arc  L  O  are  in  general  enougk 

The  determination  of  the  proper  form  for  those  vanes,  near  the 
outer  edges,  has  already  been  explained  in  Articles  145, 146.  Thi 
are  usually  curved  in  a  circular  arc,  so  that  their  inner  ends  a 
tangents  to  radii  of  the  wheel 

169.  The  Eflcfeacr  has  been  stated,  in  Article  148,  to  be  aboi 
0*6  when  the  wheel  is  not  drowned,  and  0*48  when  it  is  drowne 
At  these  rates,  the  energy  of  the  available  fall  from  the  penstoc 
to  the  tail  race,  for  each  effective  lujree-^power^  is 


oo  OOO 

For  the  imdrowned  wheel, ,  "  =  55,ooo 


Foot-lbs.  per  mbinta. 
!3»oo< 
0-6 


For  the  drowned  wheel, ^^    q   =68,750 

0*40 

170.  Wheel  In  nn  Open  CarreHC — ^Wheels  of  this  claSS  ai 
carried  by  boats  moored  in  a  rapid  current  Their  floats  are  usual! 
plane  and  radial,  and  fixed  at  distances  apart  equal  to  their  lengt 
in  the  direction  of  a  radius. 

According  to  the  expeiiments  of  Poncelet,  the  following  is  tb 
useful  work  per  second  of  such  a  wheel ;  v^  being  the  velocity  of  tb 
current ;  u,  that  of  the  centre  of  a  float ;  A,  the  area  of  a  float  ij 
square  feet ;  and  D,  the  weight  of  a  cubic  foot  of  water: — 

B«=0-8^A!!L(?iz!0!f, 
9 

According  to  this  formula,  the  velocity  of  the  centres  of  the  floati 
for  the  greatest  efficiency  is  half  the  velocity  of  the  current ;  and 
the  efficiency  at  that  speed  is  0*4,  if  A  v^  b^  taken  to  represent  the 
volume  of  water  acting  on  the  wheel  in  a  second 
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CHAPTER  VI, 

OF  TUBBINES. 

Section  1. — General  Principles, 

171.  Tvrfclacs  dcBcmllr  Described  and  Chi— cd* — A  turbine  28  ft 
vater  irheel  with  a  yeitical  axis,  receiving  and  discharging  water 
in  yarions  directions  round  its  circumference.  The  wheel  consists 
of  a  druim  or  annular  passage,  containing  a  set  of  suitably  formed 
vanes,  which  are  curved  backwards  in  such  a  manner,  that  the 
water,  afier  glancing  off  them,  is  left  behind  with  as  little  energy 
aspoBBible. 

TnrbineB  have  the  advantage  of  being  of  small  bulk  for  their 
power,  and  equally  efficient  for  the  highest  and  the  lowest  falls. 

The  supply  of  water  takes  place  either  directly  from  a  reservoir, 
in  which  case  the  wheel  is  placed  close  to  a  suitable  opening  at  the 
bottom  of  the  reservoir,  or  through  a  supply  pipe  and  wheel  case. 
The  fonner  method  is  Uie  best  suited  to  moderate  falls,  the  latter 
to  veiy  high  falls. 

The  opening  through  which  the  water  is  delivered  to  the  wheel 
is  in  most  cases  furnished  with  guid^  hlcuiee,  to  make  the  water 
arrive  at  the  wheel  in  the  direction  best  suited  to  drive  it  efficiently. 

Turbines  may  be  divided  into  three  classes,  according  to  the 
direction  in  which  the  water  moves  before  reaching  the  guide 
blades,  and  after  leaving  the  wheel,  viz. : — 

I.  PcvraUd  Flow  Turbinee,  in  which  the  water  is  supplied  and 
dischaiged  in  a  current  parallel  to  the  axis. 

IL  Outward  Flow  Turbines,  in  which  the  water  is  supplied  and 
discharged  in  currents  radiating  from  the  axis. 

in.  Inward  Flow  Turbines,  in  which  the  water  is  supplied  and 
dischaiged  in  currents  converging  radially  towards  the  axis. 

Those  three  classes  of  turbines  differ  in  certain  details;  but  there 
aie  general  principles  which  are  applicable  to  them  all,  and  general 
equations  which  are  adapted  to  any  one  of  them  merely  by  assigning 
mitable  values  to  certain  symbok  in  them.  The  diagrams  which 
will  now  be  given  show  the  general  arrangement  of  the  principal 
parts  of  each,  the  details  of  their  construction  being  reserved  until 
later. 

Fig*  67  represents  a  parallel  flow  turbine,      A  is  the  supplyj 
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chamber,  being  an  annular  passage  through  the  bottom  of  1 
xeservoir^  which  contains  the  guide  blades ;  these  are  vertical 
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Fig.  67. 


Fig.  69. 


Fig.  70. 


Fig.  71. 


-their  upper  edges  :  the  form  and  position  of  their  lower  edges, 
shown  by  dotted  Unes,  are  such  as  to  direct  the  water  in  seve; 
small  streams  or  jets  obliquely  against  all  parts  of  the  circu 
ference  of  the  wheel  R  The  wheel  B  consists  also  of  an  annul 
passage  between  two  cylindrical  drums,  containing  a  series  of  van 
resembling  the  guide  blades  in  shape,  but  turned  with  their  lo« 
edges  pointing  backwards. 

Fig.  ^%  shows  a  Tertical  section  of  a  few  of  the  guide  blades 
and  Tanes  D. 

Fig.  69  is  a  horizontal  section  of  part  of  an  outward  flow  turbis 
A  is  the  supply  chamber,  being  a  vertical  cylinder  with  a  ring 
openings  round  its  lower  end ;  C  are  the  guide  blades  for  directi 
the  water  obliquely  forwards  as  it  rushes  out  of  these  openings ; 
k  the  wheel  surrounding  the  ring  of  openings,  and  consisting  oi 
pair  of  crowns,  or  flat  rings,  with  a  series  of  curved  vanes  D  betwe 
them ;  these  vanes  are  radial  at  their  inner  edges,  and  direct 
obliquely  backwards  at  their  outer  edges. 

Fig.  70  represents  a  plan  of  one  form  of  the  reacHon  Ufhedr- 
kind  of  outward  flow  turbine  without  guide  blades.  The  water 
•oondmied  by  a  vertical  supply  pipe  A  into  the  centre  of  a  rotati] 
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MIow  diflCy  provided  with  two  or  three  hollow  amiB,  which  db* 
ehaige  the  water  through  oiiBoes  directed  backwards.  In  the 
igore,  the  hollow  disc,  and  its  two  arms  B  B,  are  shown  of  such  a 
Ibrm  aa  to  leave  the  largest  possible  space  for  the  motion  of  the 
vater  firom  the  centre  of  the  disc  towards  the  circumference,  in 
ffder  to  avoid  Mction,  and  for  other  reasons  which  will  afterwards 
ippear.  C,  G,  are  the  orificea  The  circumferences  of  the  arms 
B^  B,  here  perform  the  functions  of  vanes. 

Fig:  71  is  a  horizontal  section  of  an  inward  Jlow  tuMne,  A  is 
ihe  supply  chamber ;  0,  one  of  the  guide  blades,  directing  the  water 
>bliquel7  forwards  against  the  wheel ;  B  is  the  wheel,  occupying  a 
central  space  soirounded  by  the  supply  chamber,  and  discharging 
fche  water  through  openings  in  its  centre ;  it  consists  of  a  pair  of 
m>wns  with  a  set  of  curved  vanes  D  between  them  :  these  vanes 
ire  radial  at  their  outer  ends,  and  are  directed  obliquely  backwards 
i.t  their  inner  ends. 

In  treating  of  the  theory  of  the  efficiency  of  turbines,  it  will  be 
issumed  that  they  are  constructed  of  the  forms  and  proportions, 
md  worked  in  the  manner  most  favourable  to  efficiency,  according 
to  rules  which  will  presently  be  explained.  The  waste  of  power 
nosed  by  deviations  from  those  rules  can  afterwards  be  allowed  for 
by  means  of  empirically-found  multipliers.    . 

172.  By  Telocfty  •f  Fi*w  is  to  be  understood  the  velocity  of  that 
component  of  the  motion  of  the  water  by  which  it  is  carried 
towards,  through,  and  away  from  the  wheel;  that  is,  the  com- 
ponent, whether  parallel  to  the  axis  or  radia^  which  is  at  right 
ingles  to  the  motion  of  the  vanes. 

Let  A  denote  the  total  effective  sectional  area  in  square  feet  of 
tbe  orifices  through  which  the  water  passes,  whether  in  the  wheel, 
or  amongst  the  guide  blades,  as  measured  upon  a  sur&ce  perpen- 
dicular to  the  direction  of  the  flow;  that  is,  in  a  parallel  flow  tur- 
bine, on  a  plane  perpendicular  to  the  axis,  and  in  an  outward  or 
Inward  radial  flow  turbine,  on  a  cylindrical  sur&ce  described  about 
the  axis. 

Let  Q  be  the  volume  of  water  used  in  cubic  feet  per  second 
Then 

Q-A (1.) 

is  the  velodiy  of  flow. 

Inasmuch  as  sudden  (jianges  in  the  velocily  of  a  stream  are 
accompanied  with  waste  of  energy,  it  is  desirable  that  the  velocity 
of  flow  should  either  be  constant,  or  change  slowly  during  the 
passage  of  the  water  through  the  wheeL 

In  parallel  flow  turbines,  such  as  fig.  67,  the  velocity  of  flow 
would  be  made  constant,  if  the  vanes  were  insensibly  thin,  by 
making  tbe  drum,  or  ji-TinnTfty  oase  containing  the  y^jmb,  simply 
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cylindiical;  but  owing  to  the  obliquitj  of  the  vanes  at  their  low 
edges,  they  occupy  more  of  the  passage  there  than  at  their  upp 
edges;  so  that  the  drum  has  to  be  made  to  spread  a  little  at  : 
lower  end,  as  will  be  shown  afterwards  in  the  detailed  figure. 

In  radial  flow  turbines,  t 
uniformity  of  the  velocity  of  flc 
may  be  insured  by  wA^Wing  t 

w veiiical  section  of  the  drum 

Y--^\  lo         h^- — ,  the  wheel  of  the  shape  shown 

L^i^ r r—] fig.  72;  that  is  to  say,  let  O 

^  ^!= *^  be  the  axis;  O  B a  radius  at  i 

middle  of  the  depth  of  the  whe4 
the  vertical  sections  M  N,  P 
'  ^^  of  the  rings  or  crowns  betwe 

^*ff  ^*^"  which  the  vanes  are  carried  s 

to  be  portions  of  hyperbolas  having  O  X  and  O  R  for  asymptote 
or  in  other  words,  the  depths  of  the  inside  and  outside  circuj 
fei^nces  of  the  wheel,  M  P,  N  Q,  are  to  be  inversely  as  their  reap 
tive  radii. 

Out  of  the  available  head  h^  in  the  supply  chamber,  there  vdll 
expended  to  produce  the  velocity  of  now,  when  that  chan^ 
gradually  or  not  at  all, 

Q .         /ox 

where  A^  denotes  the  sectional  area  of  the  stream  where  it  iean 
the  wheel. 

173.  Telocity  ef  HThirL — Let  V  denote  the  whirling  or  iangent\ 
component  of  the  velocity  with  which  the  water  issues  frc 
between  the  guide  blades  and  arrives  upon  the  wheel  This  is  t 
velocity  which  would  be  computed  by  dividing  Q  by  the  sum  of  t 
effective  areas  of  the  openings  between  the  guide  blaides,  as  measur 
upon  the  planes  marked  E  E  in  fig.  68.  It  is  evident  that  tJ 
vdocUy  of  flow  has  the  following  value  in  terms  of  tlus  iniHal  «d 
city  o/iMrl : —  

Q  FE 

A  =  *f^  =  '•*"•'•' <^-^ 

«  =  .<e^  F  G  E  being  the  inclination  of  the  guide  blades  to  tJ 
direction  of  the  whirling  motion. 

The  ordinary  values  of  »  range  from  22^  to  35°  in  differei 
examples;  and  about  30°  may  be  taken  as  an  average  value. 

In  order  that  the  water  may  work  to  the  best  advantage, 
should  enter  the  wheel  without  shock,  and  leave  it  without  whii 
ing  motion;  for  which  purpose^  the  velocity  of  whirl,  on  fir 
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entering  the  wheel,  should  be  equal  to  that  of  the  first  circum- 
ference of  the  wheel,  and  the  vdocUy  of  whirl  rdcUivdy  to  tlie  whed^ 
»  leaving  the  wheel,  should  be  eqiial  and  contrary  to  that  of  the 
econd  circumference  of  the  wheel 

Consequently,  the  ratio  of  the  latter  of  these  velocities  (w)  to  the 
onner  (v\  should  be  that  of  the  radius  of  the  discharging  side  of 
he  wheel  to  the  radius  of  the  receiving  side.  Let  n  denote  that 
stio;  then  tD  =  nv;  in  which, 

for  a  parallel  flow  turbine,  n  r=  1 
for  an  outward  flow  turbine,  nz^\ 
for  an  inward  flow  turbine,    n  ,,eil\ 

nd  if  the  drum  is  made  of  that  figure  which  causes  the  velocity  of 
low  to  be  uniform,  the  angle  /9  =  .^  H  L  K  in  fig.  68,  which  the 
iinder  edges  of  the  vanes  make  with  a  tangent  to  tbe  wheel,  should 
lave  the  value  given  by  the  equation 

.       _      H  K      tan «  ,„ . 

tan  /8  =  -=^—  = : (3.) 

HL  n     '  ^   ' 

md  as  H  L  =  n  '  E  G^  this  formula  is  equivalent  to  the  follow- 

H  K  =  E  F (3  A.) 

174.  SflcteiMy  witk*«f  FHctf*H. — The  following  investigation 
las  reference  to  the  case  in  which  the  supply  of  water  is  sufficient 
o  fill  the  orifices  and  channels.  Beference  will  be  made  in  it  to 
he  principle  of  the  eqiudity  qfangiUar  impidse  and  angular  momenr 
urn — a  consequence  of  the  second  law  of  motion,  which  will  now 
»  ezpbuned  {A.  M,,  560,  561,  562). 

Let  a  body  whose  weight  is  W  move  with  a  velocity  V  in  a  given 
lirection  relatively  to  a  point  C;  let  r  denote  the  length  of  a  per- 
^ndicnlar  let  fall  from  C  upon  a  tangent  to  the  path  of  the  body 
W'^s  motion. 

Then  the  amgular  momentum  of  W  relatively  to  C  means  the 
juantity 

WYr 

9 

Let  M  denote  the  moTnent  of  a  couple  of  equal  and  opposite,  but 
Qot  directly  opposed,  forces ;  that  is,  the  product  of  their  common 
magnitude  into  their  arm  or  lever,  which  is  the  perpendicular  dis- 
tance between  the  lines  along  which  they  act. 

The  angular  impulse  of  such  a  couple  means,  the  product  of  iti 

o 
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momeiit  into  fhe  time  during  wliich  it  acta.  To  produce  a  gi^ 
change  in  tbe  angular  momentum  of  a  body,  an  equal  nngi 
impulBe  is  required — a  principle  expressed  by  the  equation 

M  rf  «  =  —  •  cf  (V  r) (1. 

To  apply  this  to  the  action  of  water  on  a  turbine,  the  weigh  I 
water  acting  in  a  second  (D  Q)  is  to  be  ascertained ;  when 
moment  of  the  couple  exerted  between  it  and  the  wheel  'wiU 
measured  simply  by  the  change  which  its  angular  moment 
undergoes  in  passing  through  the  wheeL 

The  product  of  that  couple  into  the  angular  velocity  of  the  -wh 
a  is  the  energy  exerted  by  the  water  on  the  wheel  in  a  secc 
(Article  5). 

I.  Computcawn  qfths  Energy  Exerted  by  the  Water  on  the  Wh 
-—Let  r  be  the  radius  of  the  wheel  where  it  receives  the  wal 
(For  parallel  flow  turbines,  the  mean  radius  may  be  taken.)  Tl 
n  r  is  its  radius  where  it  discharges  the  water^  and  a  r,  and  n  c 
are  its  two  surface  velocities 

Then,  the  velocity  of  whirl  of  the  water  when  it  enters  i 
wheel  being  v,  its  initud  a/ngular  momentum  per  second  is 

TXivr 

and  OS  the  velocity  of  whirl  of  the  water  when  it  leaves  the  wh< 
as  determined  by  the  conditions  of  Article  173,  is 

nar  —  w^  n{ar--v)f 
i^  final  angulaa'  mommUvm  per  sicond  is 
D  Q  n^  (g  r  —  p)  r 
9  ' 

the  difference  between  these  quantities,  being  the  moment  of  t 
couple  exerted  between  the  water  and  the  wheel,  is 

If 

and  the  energy  exerted  per  second  by  the  water  on  the  wheel  is 
M a  =  D  Q •  (l+^')«t,r-n>a«f^ ^3 ^ 

The  fiwstor  by  which  D  Q  is  multiplied  in  equation  3  is  ti 
effective  head,  ne^ecting  fidction. 
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IL  Computation  of  the  Energy  Eospemd^ — This  calculation  is 
beat  made  by  finding  the  head  required  to  produce  the  various 
Telodtiee  that  are  given  to  the  water. 

To  produce  the  final  vdocitt/  of  flow  n  v  tan  fi,  there  is  required 
the  head 

n^  f^  tan2  fi-i-2g. 

To  produce  the  irUtial  velocity  of  whirl  v,  there  is  reqtdred  the 
head 

To  produce  the  reversed  relative  velocity  ot  whirl  with  which  the 
water  leaves  the  wheels  ti?  =  n  v^  there  is  required  the  head 

n^f^-r-2g; 

and  to  balance  centrifugal  force,  the  head 

o«r2(l-n«)4-25r, 

(  negative  ^        (  outward  flow  \ 

which  is   <  nothing  ?for<  parallel  flow  >  turbines. 

(  positive  j        (  inward  flow  j 

Putting  these  quantities  of  head  together,  we  find  for  the  head 
in  the  supply  chamber , 

Ai  =  ^{(l+««  +  n2tan2/3)i^  +  (l-n2)a2r2};...(4.) 

for  the  eneigy  expended  at  the  wheel,  per  second, 

DQAi; (5.) 

and  for  the  effigienct  (neglecting  Mction), 

Ma    _          2{l  +  n^avr''2n^a^r^  . 

DQAi"(l+n2  +  n2tan2^)t?2  +  (l-n2)a?r2' ^^'^ 

The  above  are  general  expressions  for  all  turbines  with  guide 
blades.    For  parallel  flow  turbines,  they  become 

Ai=-^(2  +  tan«^)t;«; (7.) 

Ma    _  iavr  —  2a^f^  . 

D  Q  Ai "    (2  +  tan2^)t;2  ^^'^ 

By  the  aid  of  equation  4,  v  can  be  expressed  in  terms  of  A^  and 
•r,  80  as  to  transform  equations  6  and  8^  as  follows : — 
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«=  2s^^^E^j (9.) 

«f  •  •    .  .  ■  .;   ....      '      , 

Let    ra — ^1-  =  «j  then,  -   '      ' 

M«       2(l+«Wl-.«.+  »-^   .      ,.,. 

wLich^  when  n  =  1,  becomes 

Ma  4z 


^^^i      V2  +  taii2^ 


-2*8 (11.) 


The  efficiency  of  the  reaction  wheel  is  a  special  case,  which  m 
be  considered  in  Article  176. 

175.   Th«i  OreatcM  Bflicteacr   irlth^at  Fricli*M  is  attained,  as  I 

been  stated  in  Article  173^  when 

V  =  ar •.•••(^•) 

Substituting  this  value  of  v  in  equation  4  of  the  last  Article, 
iind 

Ai=(2  4-n2tan2/3).^; (2.) 

and,  consequently,  the  surface  velocity  of  the  wheel,  whore  it  i 
ceives  the  water,  should  be 

•-VGt^^*) « 

So  that  in  equations  10  and  11, 


z  = 


J2  +  n^tKD^fi 

The  efficiency  corresponding  to  this  speed  is 

M« 2  g^ 

J>Cih^^2  +  n^taji^fi''     ^' ^*'^ 

showing  that  the  only  energy  lost  is  that  due  to  the  final  veloci 
of  flow,  n  V  tan  fi  =  nar  tan  fi. 

The  following  table  shows  some  values  of  the  best  speed  as  coi 
pared  with  the  speed  due  to  the  whole  available  head,  and  oft] 
greatest  efficiency,  neglecting  friction,  for  a  few  values  of  tl 
obliquity  ^  of  the  vanes,  and  on  different  suppositions  as  to  ti 
value  of  n : — 
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=  2A 


for 

for 

/9- 
for 
1 
«=2- 

ntanA 

a; 

Ma 

«=  J2. 

n=I. 

DQAi 

14°^ 

. 

so" 

36" 

•364 

•685 

•93 

i8°J 

• 

»5l 

43" 

•466 

•673 

•90 

22"J 

■ 

3°: 

49° 

•577 

•665 

•86 

26*^^] 

: 

35' 

64H 

•700 

•634 

•80 

The  proportion  n=  J  2  ia  usual  in  outward  flow  turbines^  such 

IS  FoumeTTon's;  n  =-  is  usual  in  inward  flow  turbines,  such  as 

Fhomson's  vortex  wheeL 

The  case  of  w  =  1,  /3  =  30®,  is  very  nearly  that  of  Fontaine's 
parallel  flow  turbines.  Theory  gives,  as  the  above  table  shows,  for 
the  best  velocily  of  the  wheel,  at  the  middle  of  tiie  ling  of  vanes, 


ar^'655J2gh^, (5.) 

The  experiments  of  General  Morin  give 


ftnd  the  agreement  is  as  close  as  can  be  expected. 

176.  The  Rcactimi  Wheel  is  equivalent  to  an  outward  flow  tur- 
bine in  which  /9  =  0,  r=0,  «  =  0;  while  forn r is  to  be  substituted 
r',  the  radius  from  the  axis  to  the  centres  of  the  orifices ;  for  ni;  is 
to  be  put  io,  its  original  symbol ;  for  n  2;  is  to  be  substituted 

a/ 


Then  for  the  velocity  of  outflow  of  the  water  from  the  orifices, 
W6  have 

w=  /2PPf^7*=  JT+^-J'2jh,; (1.) 

and  for  ihe  efficiency,  n^lecting  fiiction, 

J^^ IL^ (2) 

I>Q^     «'  +  n/1+«'2  ^   ^ 

This  expression  increases  towards  the  limit  1,  or  perfect  efficiency, 
as  z  increases  without  limit ;  so  that  if  there  were  no  friction,  the 
efficiency  of  a  reaction  wheel  would  have  no  maximum,  but  would 
increase  towards  unity  as  the  velocity  increased  without  limit. 

177.  Bttdeacr  •T  Tnrblaes,  Allewteg  ler  FricUen.— L    FaroUd 

Flow  TvMnea. — ^The  fact  stated  in  Article  175,  that  the  best 
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actual  speed  of  these  turbines  is  the  same  with  that  calculated 
the  supposition  that  there  is  no  Motion,  shows  that  the  loss  < 
energy  by  friction  may  be  allowed  for  by  multiplying  by  a  comftai 
£Etctor,  less  than  unity. 

From  the  experiments  of  General  Morin  and  others,  it  appea 
that  the  value  of  that  factor  is  nearly  the  same  as  for  the  best  ove 
shot  and  imdershot  wheels ;  that  is  to  say,  (1  -^"^  =  from  "75  to  • 
with  an  average  value  of  about  -78. 

If  we  multiply  the  efficiencies  in  the  table  of  Article  175,  oorr 
spending  to  n  =  1,  /8  =  25^,  and  30"*,  we  find  the  following  result 
which  agree  well  with  experiment : — 

i-;r 


fi 

2i8? 

•76 

•78 

25° 

•90 

•675 

•702 

30^ 

•86 

•646 

•671 

•8 

•72    )  resultani 

•688  j  efficiency. 

II.  Inward  Flow  Tvrhines, — In  these  turbines,  the  co-efficiei 
(1  —k")  appears  to  be  about  the  same  as  for  parallel  flow  turbines 

which,  for  fi  =  36°,  n  =  -,  gives,  as  the  average  resultant  efficiency 

about  '73^a  conclusion  confirmed  by  practical  experience. 

III.  OvJtntxvrd  Flow  TwrhineSy  which  generally  work  drownec 
lose  in  overcoming  fluid  friction  a  quantity  of  work  per  seoonc 
which  has  been  shown  by  Poncelet,  and  by  Greneral  Morin,  to  b 
proportional  to  the  volume  of  flow,  and  to  the  height  due  to  tli 
velocity  of  the  outer  circumference  of  the  wheel.  That  velocit 
being  denoted  hj  nar  =  nz  J 2gh^y  the  loss  of  work  per  secon 
by  faction  is 

/^Q^^=/^Q^'*'^> (^•) 

being  the  fraction /w*  s^  of  the  energy  expended. 

/is  a  co-efficient  of  friction,  whose  value,  as  deduoed  from  experi 
ments  by  General  Morin,  is  nearly 

/=  0-25. 

This  cause  of  loss  of  work  not  only  diminishes  the  efficiency  0 
the  turbine,  but  diminishes  very  considerably  the  speed  of  greatest 
efficiency. 

Subtracting  fri^s^  from  equation  10  of  Article  174,  we  find  foi 
the  actual  efficiency  of  an  outward  flow  turbine,  at  any  givex 
velocity  a r  =  «  J  2gh^  of  its  inner  periphery,  the  value 


Then 
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The  following  are  the  results  of  investigatiDg  the  oonditiona 
which  make  this  quantity  a  maximiim  :— • 
I^taj^r  =  z^J2ghiheihe  best  speed. 
For  brevity^s  sake^  let 

--vi'^m^h (-) 

and  the  greatest  efficiency  is  given  by  the  formula 

FQA,  =  ^^=      2(»2_1)      • (*•) 

Asa  numerical  example  and  Terification  of  these  formuln^  the 
case  may  be  taken  of  a  Eoumeyron's  turbine,  for  which 

n*  =  2  nearly; 
/=0-25; 

n^  tan^  /8  =  -  nearly. 

Using  these  data,  we  find  TJ  =  3*16,  and,  consequently, 

«i  = 

Efficiency, 

results  which  exactly  agree  with  those  of  experiment. 

IV.  Reaction  Wheel. — If  we  assume  that  this  wheel  is  resisted  in 
the  same  manner  with  an  outward  flow  turbine,  and  denote,  as  in 
Article  176,  the  ratio  of  the  speed  of  the  orifice  to  that  due  to  the 
available  heeul  by  si,  and  the  best  value  of  that  ratio  by  «^p  we  find, 
for  the  efficiency  in  general, 

WqK,  =  ^  +  ^i+^»-A^ OO 

which  being  made  a  maximum,  gives 

.      ,/(2+/-s/(2+/)«-4) 


»i=  ^-215= -464;) 
U«;  =  -68;         ]' 


.(«•) 
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M^g,  _ 2+/-Jl2+Tr^ ; '(3.) 

From  experiments  by  Professor  Weisbach,  it  appears,  tliat  ih 
greatest  efficiency  of  a  good  reaction  wheel  is 

^=•666;..........:.. :.::.:(*.) 

which  value  being  substituted  in  equation  3,  gives  for  the  co-effiden 
of  friction  I 

/=166; (5.) 

and  for  the  ratio  of  the  best  speed  of  the  orifices  to  that  due  to  th 
available  &11,       «  .  •         .    . 

sf^  =  -894...... :.:•:. (6.) 

This  result  is  confirmed  by  general  experience- of  the  woriLing  o 
these  wheels,  from  which  it  appears  that  the  b^t  velocity  for  th^ 
orifices  is  very  nearly  equal  to  that  due  to. the^ available  fall,  anc 
the  greatest  efficiency  about  |.  >  *..'"  . 

178.  Tolnme  of  Flow  nad  Sise  of  Orifices.'  —  In  Article  174 
equation  9,  an  expression  is  given  for  4he  whirling  or  tangential 
component  of  the  velocity  of  flow  through  the  openings  between  the 
guide  blades ;  from  which  are  deduced  the  following  expressions  foi 
the  total  velocities,  through  the  openings  between  the  guide  blades, 
and  through  the  openings  between  the  vanes  of  the  wheel  respec- 
tively; in  which,  Q  being  as  before  the  volume  of  flow  per  second, 
the  joint  area  of  the  contracted  stream  in  the  former  set  of  openings 
is  denoted  by  O^,  and  that  in  the  latter  set  by  O^  : — 

Q  nr-r  n/1+(^'  — 1)^      n\ 

^=vseo.  =  sec.^j2gk,'^^^^^.^^^L^    ;„.(1.) 

-^-=n.sec^  =  sec^V2^V      Ji  +  :..^;     (^0 
For  reaction  toheds, 

.§:  =  «,  =  vT^i  •  VTT^....."... (2  A.) 

The  formuloB 

O  =      ^     •  o  —      ^      —      "     (3\  , 

^      vsec«'     *      nt7sec/S      wsecfi^ ^  *' 

serve  to  determine  the  effective  areas  of  inlet  and  outlet  required 
to  employ  to  the  best  advantage  a  given  flow  of  wat^  in  a  given 
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wheel,  with  a  given  available  &11  and  speedy  the  speed  being  that 
of  greatest  efficiency,  computed  as  in  Articles  175  and  177. 

The  eo-ejlcient  qf  coTitraction  for  the  inlets  and  outlets  of  turbines 
laDges  from  *85  to  '95,  and  is  about  '9  on  an  average ;  so  that  tho 
actuiEd  openings  are  to  be  made  one^nmth  Uvrger  than  those  given  6y 
theeqwUwna* 

179.  B«cl«acr  as  alTccted  hr  Begalator. — The  flow  of  water 
through  a  turbine  is  controlled  by  a  regulating  valve,  of  which 
different  kinds  will  afterwards  be  described. 

In  parallel  flow  and  outward  flow  turbines,  the  regulator  usually 
coDsistB  of  a  set  of  slide  valves  applied  to  the  ori&ces  of  supply 
between  the  guide  blades. 

In  the  b^  form  of  reaction  wheel,  known  as  Whitelaw  and 
Stirrat's,  the  regulator  consists  of  slide  valves  applied  to  the  orifices 
at  the  ends  of  the  arms. 

In  Thomson's  inward  flow  turbine,  the  regulator  consists  of  the 
guide  blades  themselves,  which  turn  about  axes  near  their  inner 
ends,  so  as  to  be  set  at  any  required  angle  »  to  the  circumference 
of  the  wheel 

The  preceding  investigations  and  statements  of  efficiency  have 
reference  to  the  case  in  which  the  passages  of  supply  are  uninter- 
rnpted,  or  nearly  so.  Their  partial  closing  by  slide  valves  causes 
loss  of  energy  through  sudden  contractions  and  expansions  of  tho 
stream. 

The  following  are  average  values  of  the  reductions  of  efficiency 
produced  by  partial  closing  of  the  supply  passages  by  slide  valves  : — 

Batio  of  the  actual  opening )  1  2  ^ 
to  the  full  opening, j  5     5    2 

Ivatio  of  the  diminished  effi- 1  2  2  5 
ciency  to  the  maximum  f  o  o  g* 
efficiency, j 

Such  diminutions  of  efficiency  do  not  occur  where  the  flow  is 
regulated  by  varying  the  orifices  of  discharge,  or  by  varying  the 
inclinatioh  of  the  guide  blades. 

SEcmoK  2. — Description  of  Various  Turbines. 

180.  FMitainc**  TmbiMc,  a  parallel  flow  turbine,  the  invention  of 
M.  Fontaine-Baron,  is  illustrated  by  fig.  73,  which  is  a  vertical 
diametral  section,  and  by  fig.  74,  which  is  a  vertical  section  by  a 
cylindrical  surface  traversing  the  guide  blades  and  vanes,  like  that 
given  in  an  elementary  form  in  ^g.  68. 

A  is  the  tank  or  reservoir^  in  ihe  bottom  of  which  is  the  ring- 
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shaped  cast  iron  passage  B,  oontaining  the  guide  blades  e,  and  r^ 
lating  sluice  valyes  d.    There  are  as  many  sluices  as  guide  blad< 


Fig.  78. 

each  guide  blade  having  a  sluice  sliding  vertically  behind  it  T\ 
backs  of  the  sluices  are  rounded,  so  as  to  make  the  contraction  ai 
deflection  of  the  stream  gradual  Each  sluice  is  hung  by  a  rod 
from  the  iron  ring  o,  which  is  raised  and  lowered  by  means 
three  rods  marked  c,  so  as  to  raise,  lower,  or  close,  the  whole  of  t] 
sluices  at  once. 

C  is  the  drum  or  annular  passage  of  t]ie  wheel,  containing  tl 
vanes  /.  E  is  a  disc,  by  which  the  drum  is  carried.  The  dis 
drum,  and  vanes,  may  all  be  cast  in  one  piece. 

F  F  is  the  hollow  vertical  shaft  of  the  wheel,  at  the  top  of  wLic 
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is  the  pivot,  supported  upon  the  top  of  the  fixed  vertical  spindle  G, 
which  rises  from  the  bottom  of  the  tail  race  within  the  hollow 
shaft.     The  object  of  this  is  to  facilitate  the  oiling  of  the  pivot. 

The  dimensions  and  proportions  of  turbines  of  this  class  may  be 
Taried  to  suit  different  circumstances ;  nevertheless  the  following 
are  given  as  being  usual  in  practice,  on  the  authority  of  General 
Moiin : — 

«,  obliquity  of  the  guide  blades, 22°  to  25^. 

^  obliquity  of  the  vanes,. 20°  to  30®. 

Breadth  of  ring-shaped  passages — 

=  from  -^  to  TV  of  mean  diameter  of  wheel 

Least  depths  of  openings  between  guide  blades,  and  between 
van^  from  2\  inches  to  6  inches. 
Depth  of  drum  of  wheel  =  depth  of  openings  x  2. 

As  to  the  work,  efficiency,  best  speed,         _^ , 

and  volume  of  flow,  see  Articles  172,  \  a 

173,  174,  175,  177,  Division  L,  178. 

The  speed  may  deviate  from  the  best 
speed  to  the  extent  of  one  quarter, 
without  materially  diminishing  the  effi- 
ciency. As  to  the  effect  of  the  sluices, 
see  Article  179. 

To  avoid  the  diminution  of  efficiency 
by  the  lowering  of  the  sluices,  double 
turbines  have  been  used,  consisting  of  a 
pair  of  concentric  wheels  made  in  one 
piece,  supplied  with  water  by  a  similar 
pair  of  concentric  annular  supply  pas- 
sages. Each  of  those  passages  has  its 
own  set  of  sluices,  hung  from  an  indepen- 
dent ring;  so  that  either  division  of  the 
double  wheel  can  have  its  supply  of  water 
cat  off  at  pleasure.  Thus  the  power  of 
the  turbine  can  be  varied  in  a  proportion 
exceeding  that  of  two  to  one,  without 
the  necessity  for  employing  very  contracted  orifices,  and  conse- 
quently wasting  energy. 

18L  jMiTni*k,  cr  KoechiiB*«  Tarbiae,  the  invention  of  M.  Jonval, 
and  made  by  Messrs.  Koechlin  &  Co.,  resembles  Fontaine's  turbine, 
with  the  wheel  working  in  a  vertical  suction  pipe  (Article  105) 
in  which  the  pressure  is  below  that  of  the  atmosphere.  This 
enables  the  wheel  to  be  placed  at  any  convenient  elevation  not 
exceeding  the  head  eauivalent  to  one  atmosphere,  above  the  level 


Fig.  74. 
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of  the  surface  of  the  tail  race,  without  incurring  (as  would  be  th 
case  in  the  absence  of  the  suction  pipe)  a  loss  of  head  equal  to  tli 
drop  from  the  bottom  of  the  wheel  to  the  water  level  of  the  tail  rao 

182.  F«nrae7ron*«  Torbiae,  one  of  the  earliest  and  best  know 
of  turbines  with  guide  blades,  is  an  outvxird  flow  turbine.  Th 
avei'age  ratio  of  the  outer  to  the  inner  radius  of  the  wbeel  i 
n  =  J  2,  and  the  depth  of  the  wheel  is  about  equal  to,  or  a  litt] 
greater  than  the  breadth  of  the  crowns. 

An  example  is  represented  in  figs.  75,  76,  of  which  fig.  75  is 
vertical  section,  and  fig.  76  a  sectional  plan  of  the  wheel  and  suppl 
cylinder,  showing  the  form  and  arrangement  of  the  guide  blad< 
and  vanes. 


Fig.  7ft. 

A  is  the  tank  or  penstock ;  B,  the  supply  cylinder.  This  is  th< 
arrangement  for  moderate  falls ;  for  very  high  falls,  the  water  maj 
be  brought  down  from  a  reservoir  to  the  supply  cylinder  by  a  pipe 
whose  resistance  must  be  allowed  for  in  determining  the  available 
falL 
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The  cylinder  B  consists  of  two  concentric  tubes :  the  upper  is  fixed : 
the  lower  slides  within  it  like  the  inner  tube  of  a  telescope,  and  is 
raised  and  lowered  by  means  of  the 
rods  6.  Near  the  upper  edge  of  the 
inner  tube  is  a  leather  collar,  to  make 
the  joint  between  it  and  the  outer 
tube  water-tight.  The  lower  part  a 
of  the  inner  tube  acts  as  a  regulating 
sluice  for  all  the  orifices  at  once.  It 
has  fixed  to  its  internal  surface 
vooden  blocks,  so  shaped  as  to  round 
off  the  turns  in  the  course  of  the 
water  towards  the  orifices. 

The  bottom  of  the  supply  cylinder 
is  formed  by  a  fixed  disc  C,  which  is 
supported  by  hanging  at  the  lower  ^'S-  ^^• 

end  of  a  fixed  vertical  tube  enclosing  the  shaft     This  disc  carries 
the  guide  blades. 

D  are  the  vanes  of  the  wheel.  In  the  example  shown,  the 
passages  between  the  vanes  are  divided  into  three  sets,  or  horizontal 
layers,  by  two  intermediate  crowns  or  horizontal  ring-shaped  parti- 
tions. The  object  of  this  is  to  secure  that  the  passages  shall  be 
filled  by  the  stream  at  three  different  elevations  of  the  sluice,  and 
so  to  diminish  the  loss  of  efficiency  which  occurs  when  the  opening 
of  the  sluice  is  smalL 

E  is  the  disc  of  the  wheel ;  F,  its  shaft ;  G,  the  tail  raca 
The  pivot  at  the  lower  end  of  the  shaft  is  supplied  with  oil 
through  a  small  tube  seen  in  the  figure,  which  is  laid  down  one 
side  and  along  the  bottom  of  the  tail  race,  and  rises  directly  below 
the  pivot.  .    ; 

K  H  is  a  lever  which  supports  the  step  of  the  pivot,  and  is  itself 
supported  by  fixed  bearings  at  K,  and  by  a  rod,  L,  which  can  be 
raised  or  lowered  by  a  screw,  so  as  to  adjust  the  wheel  to  the 
proper  level 

183.  Tari«as  Oviward  Flow  Torbiaes. — An  improvement  in  the 
regulating  apparatus  of  Foumeyron's  turbine,  introduced  by  Mr. 
Redtenbacher,  is  to  vary  the  supply  openings  when  required,  by 
raising  or  lowering  the  disc  C  which  carries  the  guide  blades,  by 
means  of  a  screw  at  the  top  of  the  tube  to  which  it  is  fixed  This 
dispenses  with  the  necessity  for  an  internal  sliding  cylinder  within 
the  fixed  supply  cylinder. 

Another  modification  of  the  regulating  apparatus  of  Foumeyron's 

turbine,  by  M.  Gallon,  is  to  make  the  sliding  vertical  tubular 

sluice  in  several  segments,  which  can  be  opened  or  shut  separately. 

To  prevent  the  drowning  of  Foumeyron's  turbine,  M,  Girard 


206  WATER  POWEB  AXD  WIND  POWER. 

added  to  it  a  bell,  or  fixed  vertical  cylinder  with  the  month  do^ 
wards,  which  dips  into  the  tail  race,  and  within  which  the  whi 
works.  A  sufficient  quantity  of  air  is  enclosed  in  the  bell  to  ke 
the  surface  of  the  water  within  it  below  the  level  of  the  whec 
and  the  gradual  loss  of  this  air  by  leakage  and  diffusion  in  t 
water  is  supplied  by  means  of  a  small  forcing  pump.  It  is 
course  the  level  of  the  water  in  the  tail  race  outnde  the  bell,  tt 
is  to  be  laken  into  account  in  estimating  the  available  head. 

It  is  probable  that  the  effect  of  this  may  be  to  make  the  b 
inaide-sur/ace  speed  o^  r,  and  the  nuiYimnTn  efficiency^  the  same  as  1 
parallel  flow  turbines,  viz: : — 

DQ^-^^^^"*^  =  2  +  n2tan2/S> ^^'i 

1  —  If'  being  from  '75  to  '8,  and  on  an  average  about  '78. 

184.  RMctloB  Wheels. — ^Tlus  class  of  wheels,  of  which  the  theo 
has  been  given  in  Articles  176,  177,  Division  III.,  and  11 
comprehends  all  turbines  vnthout  guide  blades,  of  which  a  grc 
variety  have  been  contrived  and  tised.  The  earliest  form,  w 
known  as  "  Barker's  Mill,"  discharged  the  water  tix>m  orifices 
the  ends  of  straight  tubular  arms  projecting  from  a  hollow  sha 
The  friction  of 'the  water  in  the  arms  caused  considerable  loss 
energy.  Tubular  arms,  curved  in  various  ways,  were  afterwar 
employed ;  but  it  is  obvious  that  in  any  curved  aim  the  fricti< 
must  be  greater  than  in  a  straight  arm  of  the  same  diameter.  T 
best  form  is  one  more  or  less  resembling  fig.  70 ;  that  is,  a  hollc 
disc,  with  projections  leading  the  water  to  nozzles  of  a  for 
approximating  to  that  of  the  contracted  vein.  In  the  figure  the 
are  two  nozzles ;  but  three  are  better  calculated  to  insure  stea^ 
motion,  provided  they  are  exactly  similar  and  equal 

The  best  mode  of  regulating  the  flow  is  that  introduced  1 
Messrs.  Whitelaw  and  Stiixat,  of  having  the  regulating  valves 
the  orifices  of  discharge.  This  insures  nearly  equal  efficiency  at  f 
openings  of  the  orifices. 

The  best  mode  of  making  the  water-tight  joint  between  t] 
supply  pipe  and  disc  is  that  sketched  in  ^,  77.  A  is  the  supp 
pipe ;  B,  the  wheel,  or  hollow  disc ;  0,  the  vertical  shaft ;  D,  tl 
neck  of  the  wheel  through  which  it  receives  the  water.  Near  tl 
end  of  the  neck  is  an  annular  recess  containing  a  cupped  leath< 
collar,  within  which  fits  a  tube  R  The  outer  edge  of  this  tub 
scraped  to  a  true  plane,  is  pressed  by  the  pressure  of  the  water  ov< 
the  equal  area  of  the  inner  edge,  against  the  truly  plane  8UzfiM»  i 
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Fig.  77. 


the  fUmge  F  of  the  supply  pipe,  upon  which  flange  it  turns  round, 
making  a  good  joint  with  very  little  friction. 

Another  form  of  this  arrangement 
consists  in  having  the  annular  recess 
and  collar  within  which  the  tube  E 
fits,  at  the  end  of  the  supply  pipe,  and 
the  flange  against  which  the  outer 
edge  of  the  tube  presses,  at  the  end  of 
the  neck  of  the  wheeL 

To  diTniiiiah  as  much  as  possible  the 
friction  and  wear  of  pivots  or  other 
bearings,  the  vertical  shaft  should  be 
loaded  with  a  weight  sufficient  to 
balance  the  pressure  of  the  water  on 
the  area  of  the  openings  of  the  neck 
of  the  wheel,  or  of  the  supply  pipe, 
whichever  is  the  greater. 

Another  mode  of  balancing  the 
pressure  is  that  devised  by  Mr. 
Kedtenbacher,  who  has  in  some  cases  employed  a  vertical  outward 
flow  double  turbine,  consisting  of  a  pair  of  reaction  wheels  at  the 
two  ends  of  one  horizontal  shaft,  supplied  from  the  same  interme- 
diate horizontal  supply  cylinder,  to  which  the  water  is  introduced 
by  a  pipe  at  one  side.  This  construction  is  suitable  to  high  falls, 
and  possesses  a  frirther  advantage  in  the  fact  that  the  shaft  rests  on 
horizontal  journals  and  bearings,  which  ai-e  more  easily  kept  in  order 
than  pivots. 

185.  Th«nMmi'«  TnrMae,  •r  Tories  Wheel. — This  wheel,  the 
invention  of  Professor  James  Thomson  of  Queen's  College,  Belfast, 
is  the  only  example  yet  in  use  of  the  inwwrd  flow  turbinef  whose 
general  theory  has  been  explained  in  Section  1  of  the  present 
Chapter. 

The  following  description  is  for  the  most  part  extracted  from  a 
paper  by  the  inventor  in  the  Report  of  the  Meeting  of  the  British 
Affiociation  in  1852. 

There  is  a  difierence  in  the  construction  of  this  turbine  for  high 
and  for  low  falls,  analogous  to  that  which  is  found  in  Foumeyron's 
turbine ;  that  is  to  say,  for  low  falls  the  supply  chamber  may  be  an 
open  tank ;  while  for  high  falls  it  must  generally  be  a  closed  vessel, 
supplied  by  a  pipe  from  an  elevated  reservoir.  Fig.  78  is  a  vertical 
section,  and  fig.  79  a  horizontal  section  and  plan  of  a  high  pressure 
vortex  wheel,  for  a  fell  of  about  thirty-seven  feet  The  dimensions 
of  these  figures  are  -h  of  the  real  dimensions;  a  diagram  of  part  of 
the  wheel  on  a  somewhat  larger  scale  is  added,  to  show  the  form  of 
the  vanes. 
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A  A  is  the  wheel,  B  its  shafL     The  wheel  occupies  the  ti^ 
cAofTi&dr,  which  is  the  central  part  of  the  upper  division  of  a  strong 


Fig.  7a 

cast  iron  case  C  C.  The  lower  division  D  D  of  that  case  is  called 
the  supply  chomber;  it  receives  the  water  from  the  supply  pipe  E, 
and  delivers  it  through  four  large  openings  marked  F,  into  the 
guide  blade  chamber,  which  is  the  outer  part  of  the  upper  division 
of  the  case.  There  are  four  guide  blades  marked  G ;  the  figure  of 
each  of  them,  near  the  wheel,  is  nearly  that  of  a  quadrant  of  the 
same  radius  with  the  wheel ;  beyond  the  quadrantal  portion  they 
are  sometimes  straight,  and  sometimes  curved  the  reverse  way. 
The  four  openings  marked  H,  between  the  guide  blades,  regulate, 
by  their  area  (O^,  Article  178),  the  volume  of  water  supplied  per 
second,  and  consequently  the  power  of  the  wheeL  To  vary  these 
openings,  the  guide  blades  are  moveable  about  gudgeons  near  their 
points,  seen  as  small  circles  in  fig.  79  *  these  gudgeons  are  sunk  in 
the  roof  and  floor  of  the  chamber,  and  do  not  impede  the  flow  of 


VORTEX  WHEEL. 


209 


the  >rater.     The  guide  blades  are  connected  by  a  set  of  levers  and 
links  with  a  spindle  K,  by  taming  which,  they  can  all  four  bQ 


Fig.m 

shifted  at  once,  so  as  to  make  any  required  angle  («)  with  the  cir- 
comference  of  the  wheel.  (The  advantages  of  this  mode  of  regula- 
tion have  already  been  stated  in  Article  179.) 

The  water,  after  passing  through  the  passages  between  the 
vanes  of  the  -wheel,  is  delivered  into  the  central  opening  of  the 
wheel,  as  nearly  as  possible  without  any  whirling  motion  left;  it 
then  escapes  at  once  upwards  and  downwards  3irough  the  two 
outlets  of  that  opening.  L  L  are  two  pieces  called  joitU  rings, 
fitted  to  those  central  outlets,  and  adjusted  by  means  of  studs  and 
nuts,  so  as  to  come  as  close  to  the  wheel  as  is  possible  without 
rubbing  against  it,  in  order  to  prevent  leaking  of  v^ter  between 
the  wheel  and  its  case. 

The  lower  end  of  the  shaft  passes  through  an  oil-tight  stuffing 
box  into  the  pivot  box  M,  and  terminates  in  an  inverted  cup,  con- 
taining a  concave  brass  disc,  which  rests  on  the  convex  top  of  a 
fixed  steel  pin.  The  pin  is  fixed  in  a  bridge  N,  and  is  capable  of 
being  set  to  the  proper  level  by  means  of  a  cross  bridge  O,  with 
adjusting  screws.  The  cup  of  the  pivot  is  supplied  with  oil  through 
a  small  pipe  sunk  in  a  groove  in  the  shaft  R 

p 
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l£r.  Thomson  states  in  a  note,  that  he  has  found  that  the  pirotB 
last  well  without  oil,  bj  simply  admitting  the  free  aooess  of  the 
water.  Of  late,  lignmn-vitae,  set  endwise,  and  kept  constantly  wet^ 
has  been  fonnd  a  good  material  for  the  bearings  of  such  pivots. 

Four  vertical  tie  bolts,  marked  P,  tie  the  top  and  bottom  of  the 
case  together,  to  enable  it  to  resist  the  pressure  of  the  water. 

The  value  of  the  ratio  n  of  the  internal  to  the  external  radiuB»  in 
those  turbinesy  is  usuaUj  ^ ;  that  of  the  obliquity  of  the  inner  ends 
«f  the  vanes  fi,  ranges  from  30°  to  45^  Applying  the  formulae  of 
Articles  175  and  177  to  these  data,  and  assuming  the  loss  of 
eneigy  by  friction  to  be  one-fifth,  so  that  1  — ^^=  -8,  we  find  tiie 
Sallowing  results : — 


%=   /~^-x       *4  ^"^^ 


30'  -693  -po  "77 

3^5**  -^85  -93  75 

45**  '^^i  '89  "71 


Efficiency-.(1.) 


These  results  are  in  aooordance  with  the  fact,  that  tiie  average 
efficiency  of  vortex  wheels  has  been  found  in  practice  to  be  about 
•75. 

The  velocity  of  the  water  in  the  openings  between  the  guide 
blades  is 

Vi  sec  a  =  z^Beoa  J 2ghj^; (2.) 

the  effective  area  of  those  passages  (taking  e  =  -9  for  the  oo-efficient 
of  contraction)  is  very  nearly 

Oi  =  -9  X  2»r5-sin«; (3.) 

where  h  is  the  dear  depth  of  the  guide  blade  chamber ;  hence  the 
volume  of  flow  is 

Q  =  0^v^sec«=:*9  X  2«t5*  tan  a ; (4.) 

and  the  angle  «  of  obliquity  of  the  guide  blades  required  to  deliver 
a  given  flow  per  second,  may  be  computed  by  the  formula 

^^"  =  9x2xr6^ (^•> 

but  care  should  be  taken  to  make  r  and  h  such,  that  tan  a  during 
the  ordinary  working  of  the  wheel  shall  deviate  as  little  as  possible 
from  n  tan  fi ;  that  is,  with  the  usual  proportions,  ^  tan  /S.  The 
veaaons  for  this  are  given  in  Article  173. 

The  crowns  of  the  wheel  shown  in  the  figure  approximate  to  the 
form  recommended  in  Ai-tide  172. 
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CHAPTER  TEL 


OP  PLUm-ON-FLUID  IMPULSE  ENGINES. 

186.  iBtMdactary  Bzipbuuui«nii« — In  the  engines  to  whicli  the 
present  Chapter  relates,  motion  against  resistance  is  produced  in  one* 
portion  of  fluid  by  the  direct  impulse  of  another  portion  of  fluid,  the- 
driren  portion  of  the  fluid  doing  the  duty  of  a  float  board,  or  vane- 
Such  machines  may  be  divided  into  two  classes — 

I  Those  in  which  the  energy  of  a  mass  of  liquid  descending: 
from  a  small  height  is  made  to  raise  a  small  portion  of  that  mass  to» 
a  greater  height :  this  class  consists  of  the  "  Hydraulic  Ram,** 

IL  Those  in  which  a  stream  of  fluid  moving  at  flrst  with  a  certain 
velocity,  drives  and  carries  along  with  it  an  additional  stream,  the 
two  streams  finally  mingling  and  moving  together  with  a  velocity 
leas  than  that  of  tiie  driving  stream.  This  class  comprehends  the 
jet  pump,  the  water  blower,  the  blast  pipe,  and  the  injector. 

187.  Hydmniic  Bun. — ^This  machine,  a  well  known  invention  of 
Montgolfler's,  is  tised  where  a  considerable  flow  of  water  with  a 
moderate  fisdl  is  available,  to  raise  a  small  portion  of  that  flow  to  a 
height  exceeding  that  of  the  &JL 

To  supply  it  with  water,  a 
▼eir  is  to  be  erected  801*068  a 
stream,  so  as  to  form  a  pond,  as 
if  for  a  water  wheeL  IVom  the 
lower  part  of  that  pond  comes 
the  supply  pipe  A,  fig.  80.  In 
the  course  of  that  pipe  is  the 
waste  valve  chamber  B,  contain- 
ing a  conical  clack  which  opens 
downwards,  and  which  is  large 
enough  to  let  the  flow  of  the 
supply  pipe  pass  without  con- 
traction. D  is  the  tail  race,  for 
carrying  away  the  water  which  escapes  from  the  waste  valve. 

At  the  end  of  the  supply  pipe  is  a  small  air  vessel  C,  for  diminish- 
ing the  violence  of  shock& 

E  are  clacks  opening  from  the  supply  pipe  into  the  larger  and 
outer  air  vessel  F,  from  the  bottom  of  which  the  discharge  pipe  is 
seen  to  rise,  for  the  purpose  of  conveying  a  certain  portion  of  the 
water  to  the  required  elevation. 


Fig.  80. 
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A  small  relief  clack  opens  from  a  passage  communicating  wi 
the  external  air,  into  the  inner  air  vessel  When  tlie  quantity 
air  in  that  vessel  becomes  deficient,  periods  occur  in  the  course 
the  action  of  the  machine,  when  the  pressure  within  the  vessel  fk 
below  that  of  the  atmosphere ;  and  then  the  relief  clack  admits 
small  quantity  of  air,  to  supply  the  loss  caused  by  its  diffusion 
the  water. 

The  following  is  the  mode  of  operation  of  the  hydraulic  ram  :— 

Suppose  the  waste  clack  to  have  been  shut,  by  pressure  fro 
within,  and  to  iaH  suddenly  open,  owing  to  the  diminution  of  th 
pressure.  The  water  begins  to  flow  from  the  reservoir  through  t 
supply  pipe  and  out  at  the  waste  clack,  with  a  gradually  increasi] 
velocity.  At  length  that  velocity  reaches  a  maximum,  being  tl 
velocity  of  steady  flow  which  the  head  in  the  pond  is  capable 
maintaining  through  the  supply  pipe  and  its  outlet.  The  weigi 
and  load  of  the  waste  clack  ai-e  so  adjusted,  that  the  impulse  of  t] 
current  upon  it  with  this  velocity  raises  it,  and  causes  it  sudden 
to  shut. 

Thus  the  current  through  the  supply  pipe  is  abruptly  checke 
The  water  between  the  reservoir  and  the  waste  clack  still  tends  i 
advance,  by  its  momentum,  and  compresses  the  water  between  tl 
-waste  clack  chamber  aud  the  air  vessels,  and  the  air  in  the  small 
.air  vessel  In  an  inappreciably  short  time  the  pressure  becomes 
little  more  intense  than  that  in  the  outer  air  vessel ;  that  is,  thi 
the  pressure  due  to  the  height  to  which  a  portion  of  the  water  is 
be  lifted.  Then  the  clacks  E  open,  and  water  passes  into  the  a 
vessel  against  the  higher  pressure,  and  thence  up  the  discharge  pip 
until  the  energy  of  the  mass  of  water  in  the  supply  pipe  is  so  £ 
•expended,  that  its  pressure  can  no  longer  keep  the  clacks  £  ope 
nor  the  waste  clack  shut.  Then  the  clacks  E  shut,  the  waste  clac 
opens,  and  the  operation  be^ns  anew. 

The  following  are  rules  given  by  Eytelwein  as  the  results  of  h 
experiments : — 

Let  Q  be  the  whole  supply  of  water  in  cubic  feet  per  second,  < 
which  q  is  lifted  to  the  height  h  above  the  pond,  and  Q  -  5  runs  1 
waste  at  the  depth  H  below  the  pond; 

L,  the  length  of  the  supply  pipe,  fi-om  the  pond  to  the  waste  claci 

D,  its  diameter  in  feet;  then 

h 


J>=  ^/(^63Q);  L  =  H  +  /*  +  g  x  2  feet;)  ^j 

olume  of  air-vessel  =  volume  of  feed-pipe;  ) 

Efficiency,  TQZTyH.""^'^^ " ^'^v/  H* ^^^^  S  ^^^  ^^^ i ...(2 

exceed  20; ) 

or,  1  -T-  f  1  +  TTT-jj}  nearly,  when  Vr  does  not  exceed  12 (2a. 
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1 87  A.  Jet  Panip. — ^This  machine  works  by  means  of  the  tendency 
of  a  stream  or  jet  of  fluid  to  drive  or  carry  contiguous  particles  of 
fluid  along  with  it.  The  general  nature  of  its  construction  is  repre- 
sented by  ^g,  81.  A  is  the  jet  pipe,  by  which  a  sufficient  supply  of 
water  is  brought  from  an  elevated  source ;  B  is  the  suction  pipe,  by 
which  another  portion  of  water  is  drawn 
from  a  low  level  C  is  the  contracted 
throat  of  the  passage,  ator  alittle  behind 
which  is  the  nozzle  of  the  jet ;  D  is  the 
tmmpet-mouthed  spout  in  which  the  jet 
mingles  with  the  stream  from  below, 
carries  it  forward,  and  causes  a  diminu- 
tion of  pressure  behind  the  nozzle,  and  in 
the  suction  pipe,  sufficient  to  make  the  _,    . . 

▼aterrise.  ^'^^' 

Contrivances  depending  on  the  same  principle  with  this  machine 
have  long  been  known ;  but  the  water  jet  pump,  in  its  present 
form,  was  invented  by  Professor  James  Thomson,  and  first  described 
in  the  Report  of  the  British  Association  for  1852.  In  the  report 
of  that  body  for  1853,  Mr.  Thomson  published  the  results  of  somo 
experiments  on  a  small  scale  as  to  the  efficiency  of  the  jet  pump. 
The  greatest  efficiency  was  found  to  take  place  when  the  depth 
from  which  the  water  was  drawn  by  the  suction  pipe  was  about 
WM4enih8  of  the  height  from  which  the  water  fell  to  form  the  jet; 
the  flow  up  the  suction  pipe  being  in  that  case  about  one-Jijih  of 
that  of  the  jet,  and  the  efficiency,  consequently, 

This  is  but  a  low  efficiency;  but  it  is  probable  that  it  may  be 
increased  by  improvements  in  the  proportions  of  the  machine. 

The  WATER  BLOWER,  in  which  a  shower  of  water,  falling  in  drops 
within  a  vertical  cylinder  with  holes  in  its  sides,  carries  a  current 
of  air  down  with  it,  which  is  expelled  through  a  nozzle  near  the 
hottom  of  the  cylinder,  is  a  machine  on  the  same  principle  with  the 
jet  pump.     Its  efficiency  is  said  to  be  about  0*15. 

The  BLAST  PIPE,  the  most  important  of  Qeorge  Stephenson's  im- 
provements in  the  locomotive  engine,  is  an  example  of  the  same 
end  of  action,  which  will  be  mentioned  again  in  its  proper  place  : 
80  also  is  Mr.  Gumey's  erncAM  jet  ventilator  for  mines. 
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CHAPTER  VnL 

OF  WINDldLUSL 

188.  OflBcnl  li«MripU«B« — ^The  energy  of  the  wind,  in  driving 
a  windmill,  is  exerted  upon  a  wheel,  or  isaif  consisting  of  fonr  oi 
five  vanes  caUed  sails,  radiating  from  a  horizontal  or  slightly 
inclined  shaft  called  the  wind  skaft,  which  is  kept  always  turned 
endwise  towards  the  wind. 

The  inclination  of  the  wind  shaft  to  the  horizon  is  from  5°  to  15^  j 
its  object  is  to  make  the  sails  revolve  dear  of  the  tower  or  other 
building  which  contains  the  mill. 

There  are  two  methods  of  enabling  the  wheel  always  to  fiice  the 
wind.  In  a ''  post  mill,**  the  whole  machine,  with  its  framework 
and  casing,  turns  upon  a  pivot  on  the  top  of  a  vertical  post,  and  is 
shifted  when  the  wind  changes,  by  means  of  a  long  horizontal  lever. 
In  a  ^^  tower  miU,"  or  "smMc  mill,**  there  is  a  fixed  tower  with  a 
rotating  cap;  the  cap  supports  the  wind  shaft,  and  is  turned  to  the 
quarter  from  which  the  wind  blows,  by  apparatus  which  is  some- 
times controlled  by  hand,  but  oftener  self-acting.  The  remainder 
of  the  mechanism  is  supported  by  a  stationary  ^une. 

The  obliquity  of  a  windmill  sail,  or  the  angle  which  it  makes 
with  its  plane  of  revolution,  is  called  its  toecUher. 

Fig.  82  is  a  front  view  of  the  frame  or  skeleton  of  a  common 
windmill  sail  0  is  the  end  of  the  wind  shaft,  from  1^  foot  to  2 
feet  square,  if  of  wood ;  from  6  inches  to  9  inches  in  diameter,  if  of 
iroxL  C  A  B  is  the  arm,  or  whip,  of  one  of  the  sails,  usually  fiiom 
30  feet  to  40  feet  long,  8  inches  to  10  inches  square  at  the  inner 
end,  and  about  |  of  these  dimensions  at  the  out^  end.  Erom  A  D 
to  B  E  are  the  bars  of  the  sail — slender  wooden  rods,  from  15  to  18 
inches  apart  A  B  is  the  leading  or  foremost  edge  of  the  sail, 
which  in  the  present  example  lies  along  the  whip  itself:  in  some 
sails,  a  snuJl  portion,  called  tiie  leading  sail,  extends  before  the 
whip. 

Fig.  83  shows  the  frame  of  the  sail,  as  seen  edgeways ;  fig.  84  is 
u  diagram  of  the  sail,  as  seen  endways,  in  which  O  P  and  O  Q  show 
the  positions  of  the  bars  at  the  top  and  at  the  inner  end  of  the  sail 
respectively :  these  two  figures  ^ow  how  the  weather  gradually 
diminishes  from  the  inner  end  of  the  sail  to  the  tip,  for  reasons 
which  will  appear  in  the  next  Article. 
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through  which  the  sail,  or  part 
of  a  sail,  in  question  sweeps  in 


The  leading  sail,  when  there  is  one,  is  nsnally  oovered  with  thin 
boards  j  the  main  body  of  the  sail^  either  with  canvaSy  or  with  a 
nnmber  of  narrow  boards  called 
valveSy  capable  of  being  adjusted 
to  different  angles,  in  a  manner 
to  be  afterwards  described. 

189.  eoMmi  PrtacipiM. — The 
reduction  of  the  art  of  designing 
windmills  to  general  principles 
is  almost  wholly  due  to  an 
experimental  investigation  by 
Smeaton,  communicated  to  the 
Eoyal  Society  in  1759,  and  re- 
published in  Tredgold's  Tracts 
en  Hydravlics. 

The  general  principles  esta- 
blished by  Smeaton  are  to  a 
certain  extent  capable  of  being 
expressed  by  a  proper  adapta- 
tion of  the  formulse  of  Article 
144,  Case  Y.,  equations  49  to 
15— a  term  being  subtracted  to 
represent  loss  of  energy  by  fric- 
tion between  the  air  and  the 
sail,  as  follows  : — 

Let  D  denote  the  weight  of  a 
cubic  foot  of  air ; 

Q,  the  volume  of  air  which 
acts  on  the  sail,  or  part  of  a 
sail,  under  consideration,  in 
cubic  feet  per  second ; 

r,  the  velocity  of  the  wind,  in 
feet  per  second. 

If  «  be  taken  to  represent  the 
sectional  area  of  the  cylinder, 
or  annular    cylinder  of   wind 


Fig.  88. 


Fig.  82. 


the  course  of  its  revolution,  we  may  put 

Q  =  c  V8', (1.) 

where  c  is  a  co-efl5cient  to  be  found  empirically. 

As  it  is  difficult,  if  not  impossible,  in  the  present  state  of  our 
knowledge,  to  distinguish  between  that  factor  in  the  power  ^  a 
wiudmill  which  depends  on  the  quantity  of  wind  that  acts  upon  it^ 
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and  that  factor  which  expresses  the  diminution  of  eflSciency  by  tl 
friction  ofth^  aJiafty  it  is  best  to  make  the  co-efficient  c,  in  the  abo^ 
equation,  comprehend  the  allowance  for  that  iriction :  and  th 
being  understood,  it  appears  from  expeiimental  data  by  Smeato: 
to  be  afterwards  referred  to,  that  for  a  windmill  with  foui-  sai 
proportioned  in  the  best  manner,  if  «  be  taken  for  the  sectional  an 
of  the  whole  cylinder  of  wind  in  which  the  wheel  rotates, 

0  =  0-75  nearly (2.) 

The  friction  of  the  air  will  be  separately  allowed  for. 

Let  ^  denote  the  weaiher  of  the  sail ;  then  because  the  directio 
of  motion  of  each  point  in  the  sail  is  perpendicular  to  that  of  tl 
wind,  we  must  make,  in  the  formulse  of  Article  144, 

B  =  90**  —  ?,  and  cos  J  =  sin  f. 

Consider  a  narrow  band  of  a  sail  at  a  given  distance  from  th 
axis,  and  let  ti  be  its  velocity. 

The  wliole  velocity  of  the  wind  relatively  to  this  band  is  Jv^  +  vr 
and  as  it  is  probable  that  the  energy  lost  throiigh  the  friction  o 
the  air  is  propoi-tional  to  the  square  of  that  velocity,  we  may  pu 
for  that  lost  energy,  per  pound  of  the  acting  stream  oftoind, 

^  f^  +  u^ 

/being  a  co-efficient  of  friction,  to  be  found  empirically. 

From  data  by  Smeaton,  to  be  afterwards  referred  to,  it  appears 
that  the  probable  value  of  this  co-efficient  for  the  best  sails  is 

/=  0-016 (3  A.) 

Then  modifying  the  symbols  in  equation  50,  as  already  described 
and  deducting  the  loss  of  energy  by  aerial  friction,  we  find  for  the 
useful  work  per  second  done  by  the  action  of  the  wind  on  the  band; 
or  bands  of  sail,  that  sweep  through  the  stream  of  air  whose  sec- 
tional area  is  «, 

Rt*  =  cD«vA  |2tti?-co8fsin{:-tt2(2sin2f+/)-/t^2} 

—  c D  * r  •— I  wr -sin  2  f-tt2  (1 -cos 2 {:+/)-/<^  }  (M 
Dividing  this  by  — ^ — ,   the  whole   energy  per  second  of  thd 
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ttresan  of  'wind,  we  find  for  the  efficiency  of  the  action  of  that 
stream 

-^  =  c  {^8m2f-^'(l-cos2{:+/)-/}...(5.) 

The  ratio  of  the  speed  of  greatest  efficiency  for  a  given  iseather  Cf 
to  the  sqpeed  of  the  wind,  is 


.(0.) 


lij  ^  sin  2  f 

t;   ~2(l-cos2T+7)"** 

The  efficiency  corresponding  to  that  speed  is 

ci 5^M_        ) 

U(i-co82{:+/)  -^  J ' ^'■' 

and  the  nsefiil  'm>rk  oorrespondiDg  to  that  efficieiuy 

The  foUowing  are  some  examples  of  the  results  of  these  fonnuI», 
taking,  as  already  stated,/=  0-016,  e  =  075  :— 

f  2  63  024 ) 

13^  1-86  029  V (9.) 

ig""  1-41  0-31 ) 

It  will  afterwards  be  shown  within  what  limits  these  formulae  are 
applicable. 

190.  The  BMt  F«rai  «Bd  PvopMrtiMs  •r  SaIIin  as  determined 
experimentally  by  Smeaton,  are  as  follows  : — 

In  fig.  85,  A  is  the  wind  shaft;  AC,  the  whip  of  one  sail; 
B  D  £  C,  the  main  or  following  division  of  the  sail,  which  is 
rectangular;  B  F  C,  the  leading  ^vision  of  the  sail,  which  is  trian* 
gular. 

The  following  are  the  best  proportions  : — 

AB  =  iAC;  BC  =  |a^; 

BD  =  CE  =  JaC;  CT=::^AC 
o  lo 

The  following  are  the  best  values  for  the  angle  of  weather  at 
different  distances  from  the  axis ;«- 


.(1.) 
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N 


3        4        S        6       I 

(tip)    \ 

l8"     i6»    u-i     1"     J 


<i) 


Distance  in  m^  I         t         a 
o^-^^> ^  (first  bai> 

Weather,  f, i8^      19*^ 

c T^       191.  The  Bfjrt  Speed  for  the  tips  of  the  aaiU^ 

weathered  as  above,  was  foimcL  Ly  8meatoii  to  be 
about  2*6  times  the  veLocity  of  the  wind;  that  is^ 

forf  =  7^Wl  =  2•6t; (1.) 

It  is  from  this  experimental  resnlt  that  the  valao 
of  the  co-efficient  of  friction  employed  in  Articlo 
189  has  been  deduced,  viz.,/=  0016. 

The  result  computed  in  the  same  Article,  that 

for  f  =  19^  ^  =  1-41,  indicates  that  19**  is  the 

V 

proper  angle  of  weather  for  a  point  about  the 
middle  of  the  sail;  which  is  confirmed  by  experi- 
ment. 

The  application  of  the  formulie  of  that  Article  to 
all  parts  of  the  sail  would  give  it  a  slightly  convex 
eurfaie ;  but  Smeaton  found  a  slightly  concave  sur&ce  (as  indicated 
by  T»ble  2,  Article  190)  to  be  somewhat  more  efficient;  upon 
which  he  observes,  '^  that  when  the  wind  falls  upon  a  concave  sur- 
face, it  is  an  advantage  to  the  power  of  the  whole,  though  everj^ 
part,  tftken  separately,  should  not  be  disposed  to  the  best  advantage.'* 
It  farther  appears,  that  the  formulsB  should  not  be  applied 
between  the  middle  and  the  inner  eud  of  the  sail,  it  being  better  to 
preserve  nearly  the  same  augle  of  weather  throughout  that  part  of  it 
192.  Power  and  EfficieMT* — ^The  effective  power  of  a  windmill, 
as  SmBaton  ascertained  by  experiment,  and  as  equations  4  and  8 
of  Article  189  indicate,  varies  as  8,  the  sectional  area  of  the  acting 
etream  offjoivdi  that  is,  for  similar  wheels,  as  the  squaree  of  the  radii. 
The  value  0*75,  assigned  to  the  multiplier  c  in  Article  189,  is 
founded  on  the  fact  ascertained  by  Smeaton,  that  the  effective  pov)er 
of  a  voiridmiU  tvitk  sails  of  the  best  form,  and  abouJt  15^  feet  radius, 
with  a  hreeze  of  13  feet  per  second,  is  abovi  omje  horse-power.  In 
the  4M)mputations  founded  on  that  fact,  the  mea/n  angle  of  weather 
^  is^made  s  IS'',  and  /=  016  as  before.  Then  making  the  radius 
AB  =  r,  and  the  area  of  the  cylinder  of  wind, 

equation  8  of  Article  189  becomes  as  follows : — 

^«i  =  0-29-^-«-r^j „ ^ (L) 
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king  the  effective  power  at  the  best  speed,  when  the  tips  of  the 
Ails  move  at  2*6  times  the  speed  of  the  wind. 

To  find  the  effective  power  at  any  speed,  equation  4  is  referred 
jo,  which,  when  ^=  13°,  becomes — 

Ilt*=0-75  5^-»7^|o-438wt?— O-llTw*— 0-016t;2l(2.) 

The  value  of  D, — ^the  weight  of  a  cubic  foot  of  air, — ^may  be 
bund  exactly  by  means  of  Tables  IL  and  III.  at  the  end  of  this 
rolume;  but  taking  it  on  an  average  at  0075  lb.,  the  above 
bnnulae  become, — 

KiMj  «  0-022  |^'»r2; (1a.) 

Ru=0-056-^-»r2|0438wt;-0-117w2-0016i;2|(2A.) 

From  equation  1  it  appears  that  a  windmill  of  the  best  form  and 
proportions,  with  the  tips  of  the  sails  moving  at  2*6  times  the  speed 
of  the  breeze,  has  an  effective  power  equal  to  rfv  of  the  actual 
eneigy  of  the  cylinder  of  wind  which  passes  it  in  a  second. 

193.  T«wcr  mill* — SditActiMg  Cap. — Fig.  86  is  a  vertical  section, 
and  fig.  87  a  horizontal  section,  of  the  top  of  a  tower  mill,  with 
its  self-acting  cap. 

A  A  A  is  the  tower ;  B  B  B  the  cap,  whose  lower  edge  is  an 
iron  ring,  resting  on  a  circle  of  rollers  which  rest  on  another  iron 
ling  on  the  top  of  the  tower,  and  are  kept  at  their  proper  distance 
apart  by  an  intermediate  ring  B,  in  which  their  axes  have  bearings, 
a,  a,  a,  a  are  blocks  with  horizontal  guide  rollers. 

C  is  a  circular  rack  fixed  to  the  top  of  the  tower. 

8  is  the  wind  shaft,  carrying  a  bevel  wheel  D,  which  drives  a 
bevel  wheel  on  the  upright  shaft  N,  through  which  motion  is  given 
to  the  machinery  of  the  milL 

From  the  back  of  the  cap  projects  the  frame  L  L,  carrying  the 
^  H,  which  through  a  train  of  wheelwork  marked  b  and  c  c, 
clrives  the  pinion  f,  which  works  in  the  rack  c,  already  mentioned. 
When  the  wind  wheel  faces  the  wind,  the  fan  is  turned  edgewise 
towards  the  wind,  and  remains  at  rest.  So  soon  as  the  wind 
changes  its  direction,  it  makes  the  £ui  rotate  in  one  direction  or 
Another,  and  so  drives  the  pinion  /,  which  makes  the  cap  turn 
itntil  the  wind  wheel  again  mces  the  wind. 

The  bevel  wheel  D  on  the  wind  shaft  is  often  iised  also  as  a 
^ake-tt^ied,  its  rim  being  encircled  by  a  flexible  brake  (Article  49). 

194.  wumOmth  or  Kcgolation  of  Sails. — The  old  method  of  cover- 
uig  a  windmill  sail  was  with  a  sheet  of  canvas,  of  which  a  greater 
or  less  extent  could  be  spread  according  to  the  strength  of  the  wind. 
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Various  methods  have  been  invented  for  vaiying  the  snrface 
exposed  to  the  wind  while  the  mill  is  in  motion,  such  as  rollers, 
gpon  which  a  greater  or  less  extent  of  the  canvas  can  be  rolled  up j 


^J^4:p^^ 


Fig.  87. 

boards  furling  by  sliding  behind  each  other  like  the  sticks  of  a  fan ; 
and  boards  turning  on  axes  into  different  positions,  like  the  bars  of 
a  Venetian  blind.  The  last  method,  the  invention  of  Sir  Willianx 
Cubitt^  is  illustrated  in  figs.  88  and  89.     Fig.  88  is  a  sido  view, 
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fig.  89,  a  front  view.     A  is  the  wind  shaft,  which  is  hollow;  B  C, 

ft  rod  passing  through  it;  C,  a  swivel,  to  enable  the  foremost  end 

of  the  rod  to  rotate  with  the 

shaft ;  CD,  the  hinder  end  of  the 

rod,  which  is  a  toothed  rack, 

working  with  the  pinion  E ;  F,  a 

drum  on  the  axis  of  that  pinion ; 

G,  a  cord  wound  on  it,  from 

which  hangs  a  weight  W;  I,  a 

guide  roller  for  the  rack. 

K  is  the  head  of  the  rod 
B  C,  connected  by  links  L  with 
the  levers  M,  which  turn  on 
bearers  carried  by  the  project- 
ing brackets  N.  P  is  a  rack; 
V,  a  guide  roller ;  Q,  a  pinion ; 
R,  a  lever ;  S,  a  rod,  connected 
with  all  the  levers  for  moving 
the  valves,  or  transverse  boards, 
which,  when  shut,  or  turned 

flatwise  to  the  wind,  fill  the  spaces  between  the  bars  of 
the  sail,  and  make  a  continuous  flat  surface;  when 
opened,  or  turned  edgewise  to  tlie  wind,  allow  it  to 
pass  through  with  little  action  on  the  Bail;  and  when 
turned  into  intermediate  positional,  give  the  same  efieet 
with  a  greater  or  less  surface  of  sail  Each  saQ  has 
sunilar  apparatus. 

The  axes  on  which  the  valves  tnm  are  placed  nearer 
to  one  edge  than  to  the  other,  so  that  the  pressfure  of 
the  wind  tends  to  open  them.  It  is  oppoised  by  the 
weight  W,  which  tends  to  close  them.  The  valves 
adjust  their  own  obliquity,  so  thfit  the  pressure  of  the 
wind  balances  the  weight  W;  and  thus  tiie  efft^rt  of  the 
wind  on  the  sails  is  maintained  nearly  constant  through 
all  variations  of  its  speed. 


Fig.  89. 


PART  IIL 

OP  STEAM  AND   OTHER  HEAT  ENGINES. 


195.  ifAtne  and  i^ItMob  of  the  Sabject. — It  is  believed  to  have 
been  first  remarked  by  Greorge  Stepbemson,  tbat  tbe  original  source 
of  the  power  of  beat  engines  is  tbe  sun,  wbose  beams  fumisb  tbe 
energy  tbat  enables  vegetables  to  decompose  carbonic  acid,  and 
so  to  form  a  store  of  carbon  and  of  its  combustible  compoirnds, 
afterwards  used  as  fuel  The  combination  of  tbat  fuel  with 
oxygen  in  furnaces  produces  tbe  state  of  beat,  which  being  com- 
municated to  some  fluid,  such  as  water,  causes  it  to  exert  an 
augmented  pressure,  and  occupy  an  increased  volume;  and  those 
changes  are  made  available  for  the  driving  of  mechanism. 

According  to  a  speculation  originated  by  Mr.  Waterston,  and 
modified  and  developed  by  Prof  Sir  William  Thomson,  the  heat  of 
the  sun  is  produced  by  the  fall  of  a  shower  of  matter  into  it;  bo 
that  the  original  source  of  tbe  power  of  heat  is  gravitation. 

In  the  present  treatise  we  are  concerned  with  those  operations 
only  in  the  obtaining  of  mechanical  energy  by  means  of  heat,  which 
are  performed  after  the  fuel  has  been  procured  in  a  state  fit  for  use. 

The  present  part  of  this  treatise  consists  of  two  main  divisions; 
the  first  treating  of  those  laws  of  the  relations  amongst  the  pheno- 
mena of  chemi<»d  combination,  heat  and  mechanical  energy,  upon 
which  the  work  and  efficiency  of  heat  engines  depend  :  the  second, 
of  the  structure  and  operation  of  those  engines. 

The  former  of  those  main  divisions  consists  of  three  subdivisions, 
the  first  treating  of  relations  amongst  the  phenomena  of  heat  them- 
selves; the  second,  of  combustion,  or  the  production  of  heat  by^ 
chemical  action;  and  the  third,  of  the  relations  between  heat  and 
mechanical  energy,  whose  principles  form  the  science  of  therho- 

DYNAMICS. 

The  latter  of  the  two  main  divisions  consists  of  two  subdivisions,' 
the  first  relating  to  tbe  apparatus  by  which  heat  is  obtained  from 
burning  fuel,  and  communicated  to  a  fluid,  which  apparatus,  in  the 
steam  engine,  comprehends  the  furnace  and  boiler;  the  second,* 
relating  to  the  apparatus  by  which  the  heated  fluid  is  made  to  per-- 
form  work  by  ciiving  mechanism,  being  the  "  engirie "  proper,  aa' 
distinguished  from  the  furnace  and  boiler. 
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CHAPTER  L 

OF  RELATIONS  AMONGST  THE  PHENOMENA  OF  HEAT. 

196.  Bcirt  ]>efiBcdi  ■■«  l^cMtlbcd. — The  word  '^heat"  is  used  in 
two  senses — 

I.  A  certam  class  of  sensations. 

IL  That  condition  of  bodies  which  consists  in  the  capacity  for 
producing  such  sensations. 

It  is  in  the  second  of  those  senses  that  the  word  will  be  employed 
in  this  treatise. 

The  condition  called  heat  has  other  properties  besides  that  by 
which  it  has  been  defined.  Of  these  the  principal  are  as  follows  : — 
:  I.  Heat  is  transferrihle  from  one  body  to  another ;  that  is,  one 
body  can  heat  another  by  becoming  less  hot  itself;  and  the  ten- 
dencies to  effect  that  transfer  are  capable  of  being  compared 
together  by  means  of  a  scale  of  quantities  on  which  they  depend, 
called  temperatures. 

II.  The  transfer  of  the  condition  of  heat  between  two  bodies 
tends  to  bring  them  to  a  state  called  that  of  uniform  tempertUure, 
at  which  the  transfer  ceases. 

IIL  The  quantities  called  temperatures  are  accompanied  in  each 
body  by  certain  conditions  as  to  the  relations  between  density  and 
elasticity;  the  general  law  being,  that  the  hotter  a  body  is,  the  les^ 
is  its  dasticitf/  offigwrty  or  tendency  to  preserve  a  definite  form  and 
arrangement  of  parts;  and  the  greater  its  daeticUy  qfvolumey  that 
is,  its  tendency,  if  solid  or  liquid,  to  preserve  a  definite  volume,  and 
if  gaseous,  to  expand  indefinitely. 

lY.  The  condition  of  heat  is  a  condition  of  energy;  that  is,  of 
capacity  to  effect  changes.  One  of  those  changes  has  already  been 
mentioned  under  the  head  I.,  viz.,  the  change  in  the  condition  of 
heat  of  bodies  which  are  unequally  hot,  tending  to  bring  them  to 
uniformity  of  temperature.  Amongst  other  of  those  changes  are 
changes  of  density,  changes  of  elasticity,  chemical,  electri^d,  and 
magnetic  changes. 

v.  The  condition  of  heat,  considered  as  a  kind  of  energy,  is 
capable  of  being  indirectly  measured,  so  as  to  be  expressed  as  a 
quantity,  by  means  of  one  or  other  of  the  directly  measurable  effects 
which  it  produces. 

YI.  When  the  condition  of  heat  is  thus  expressed  as  a  quantity, 
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it  is  found  to  be  subjecty  like  otber  forms  of  energy  (mecbanical 
energy,  for  example,)  to  a  law  of  conservcUion;  that  is,  if  in  any 
FTstem  of  bodies,  no  heat  is  expended  or  produced  through  changes 
other  than  changes  of  temperature,  then  the  total  quantity  of  heat 
in  the  S3rstem  cannot  be  changed  by  the  mutual  actions  of  the 
bodies;  but  what  one  body  loses,  another  gains;  and  if  there  are 
changes  other  than  changes  of  temperature,  then  if  by  those  changes 
the  total  heat  of  the  system  is  changed  in  amount,  that  change  is 
compensated  exactly  by  an  opposite  change  in  some  other  form  of 
energy. 

Although  the  present  chapter  treats  specially  of  relations  amongst 
the  phenomena  of  heat,  yet  it  is  impossible  to  explain  these  relations 
without  occasionally  referring  to  relations  between  phenomena  of 
heat,  and  other  classes  of  phenomena,  as  has  already  been  done  in 
the  preceding  general  description  of  heat. 

llie  remainder  of  this  chapter  is  divided  into  three  sections. 

The  first  relates  to  the  measurement  of  temperature,  and  to  the 
phenomena  with  which  particular  temperatures  are  accompanied. 

The  second  relates  to  the  measurement  and  comparison  of  qucm- 
tUies  o/hecUf  whether  such  as  are  lost  by  one  body  and  gained  by 
another  during  changes  of  temperature,  or  such  as  appear  and 
disappear  during  changes  of  other  kinds. 

The  third  relates  to  the  rapidity  with  which  the  transfer  of  heat 
takes  place  under  various  circumstance& 

SBcnosr  1. — 0/  Temperaiv/res,  and  Phenomena  depending  on  them. 

197.  S«wii  Toapcraiarcs. — ^Two  bodies  are  said  to  be  at  equal 
iemperatureSy  or  at  the  same  temperatu/ref  when  there  is  no  tendency 
to  the  transfer  of  heat  from  either  to  the  other. 

198.  vixedi  TcMperiuarea,  or  standard  temperatures,  are  tempera* 
tures  identified  by  means  of  certain  phenomena  which  occur  at  them. 

The  most  important  and  useful  of  fixed  temperatures  is  that  of 
the  XELTma  of  ice  under  the  average  atmospheric  pressure.  This 
pressure  is  specified  for  the  sake  of  precision;  for  although  the 
variation  of  the  temperature  of  melting  ice  with  variations  of  pres- 
sore  is  exceedingly  small,  it  is  still  appreciable. 

Next  in  importance  and  utility  ia  the  boiunq  point  of  pubs 

WATEB  inn>EB  THE  AVERAGE  ATUOSPHEBIC  FBESSUBE  of 

14*7      lbs.  on  the  square  inch,  or 
2 II 6-3      lbs.  on  the  square  foot,  or 

29*922  inches,  or  760  millimetres  of  a  vertical  column  of 

mercury,  at  the  temperature  of  melting  ice,  or 
10,333  kilogrammes  on  the  square  mdtre. 
Q 
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There  are  many  other  phenomena  besides  the  melting  of  ioe  and 
boiling  of  water  under  the  mean  atmospheric  pressure,  which  serve 
to  identify  fixed  temperatures;  but  the  two  phenomena  which  have 
been  spewed  are  dbosen,  because  of  the  precision  with  which 
they  can  be  observed,  for  the  purpose  of  fixing  the  standard  tem- 
peratures on  the  scales  of  thermometebs,  or  instruments  for 
measuring  temperature. 

199.  l»«crMa  of  Tompemtmre — Perlbct  das  Thermmm^Ur. — The 
two  standard  points  of  the  scale  of  temperatures  having  been  found, 
it  is  next  requisite  to  express  all  other  temperatures  by  means  of  a 
scale  of  degrees,  and  fractions  of  a  degree;  which  scale  is  to  be 
graduated  according  to  the  magnitude  of  some  directly  measurable 
quantity  depending  on  temperature. 

The  quantity  chosen  for  that  purpose  is  the  product  of  the  pres- 
sure and  volume  of  a  given  mass  of  a  perfect  gas. 

A  PERFECT  OAS  is  a  substance  in  such  a  condition,  that  the  total 
pressure  exerted  by  any  number  of  portions  of  it,  at  a  given  t<?m- 
perature,  against  the  sides  of  a  vessel  in  which  they  are  enclosed,  is 
the  sum  of  the  pressures  which  each  such  portion  would  exert  if 
enclosed  in  the  vessel  separately  at  the  same  temperature;  in  other 
words,  a  substance  in  which  the  tendency  to  expand  of  each  appre- 
ciable masBy  how  small  soever,  that  is  diffused  through  a  given 
ffpaoe,  is  a  property  independent  of  the  presence  of  other  masses 
within  the  same  space.  Absolutely  perfect  gases  are  not  foimd  in 
nature;  every  gas  approximates  more  closely  to  the  condition  of  a 
perfect  gas  the  more  it  is  heated  and  rarefied;  and  air  is  sufficiently  i 
near  to  the  condition  of  a  perfect  gas  for  thermometric  purposes.      | 

Let  Vo  denote  the  volume  of  a  given  weight  of  any  peiiect  gas 
finder  a  pressure  of  the  intensity  po,  at  the  temperature  of  melting 
ice,  and  po  Vq  the  product  of  those  victors ; — a  quantity  whose  value 
in  foot-pounds,  for  one  pound  avoirdupois  of  air  and  other  gases^  is 
given  in  Table  II.,  at  the  end  of  this  voluma 

Let  p^  Vi  be  the  corresponding  product  at  the  temperature  of 
water  boiling  under  the  pressure  of  one  atmosphere.  i 

Then  it  is  known  from  the  experiments  of  M.  Kegnault  and  j 
Mr.  Budbeig,  that  these  two  products  bear  to  each  other  the  fol- 
lowing proportion : — 

^^^  =  1-365 (1.) 

Now  let  To,  Ti,  denote  respectively  the  temperatures  of  melting 
ice  and  boiling  water  imder  the  pressure  of  one  atmosphere,  in  de- 
grees of  the  scale  of  a  perfect  gas  thermometer,  the  intervals  upon 
which  scale  correspond  with  the  intervals  between  the  values  of 
the  ratio  pv  -^PqVq, 
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Let  T  be  any  third  temperature,  and  p  v  the  corresponding  pro- 
hct  of  the  pressure  and  volume  of  the  gaa 
Then  because  the  interval  T^  —  T©  corresponds  to  the  difference 

^^'~^^^^=  0-365,  it  is  clear  that  the  interval  T  — Tg,  corre- 

PqVq 

ponding  to  the  difference  ^  ^  ^—,  must  have  the  foUowimr 
ilue: — 

T         T    _  ^1 Tq     pv PqVq^  ,n\ 

^~^'  -~6M5 — ^;w~' ^^'^ 

ind  this  equation  expresses  the  relation  between  interocUs  of  temr 
)erature,  and  differences  of  the  product  jp  v, 

200.  iNircrrBt  Thenmometric  Scnies. — The  number  of  degrees 
Pi  —  Tq  into  which  the  interval  between  the  two  standard  tem- 
)erature8  is  divided,  and  the  number  of  degrees,  To,  between  the 
ero  of  the  scale  and  the  temperature  of  melting  ice,  are  arbitrary. 

On  Reaumur^ 8  scale,  the  zero  is  the  temperature  of  melting  ice, 
ad  Tj  —  To  =  80^;  therefore, 

To  =  0^;  Ti  =  80"; 

0*365  p^Vo  PoVo  ^   ' 

On  the  Centigrade  acaJsy  used  in  France,  and  over  most  of  the 
ontinent  of  Europe,  the  zero  is  the  temperature  of  melting  ice,  and 
Pi— To  =  100°;  therefore, 

To  =  0°;  Ti  =  100°; 

0-365  po^o  Jpb^o 

On  Fahfrenhei^a  scale,  used  in  Britain  and  America,  the  zero  is 
»  arbitrary  point,  32°  below  the  temperature  of  melting  ice; 
Tj  —  To  =  180°;  and  therefore. 

To  =  32°;  Ti  =  212°; 

T-.To=  i|^  .  ll^Zl2^  =  493-2  ^^=£o^...(3.) 
*^        0-365  jpot7o  PoVo  ^   ' 

[q  the  present  treatise,  Fahrenheit's  scale  is  used  when  no  other  is 
specified. 

On  all  thermometric  scales,  temperatures  below  zero  are  reckoned 
downwards,  and  distinguished  by  having  the  negative  sign  pre- 
fixed. 


228  STEAM  AND  OTHER  HEAT  ENGINES. 

201.  AbMlate  SE«n»— AbMlnte  Temperatare. — ^Tkere  iS  a  tempera 
ture  which  is  fixed  by  reasoning,  although  no  opportunity  evet 
occurs  of  observing  it;  and  that  is,  the  temperature  corresponding 
to  the  disappearance  of  gaseous  elasticity,  at  which  p  v^O. 

This  is  called  the  absolute  zero  of  the  perfect  gas  thermometcK 
By  reckoning  temperatures  from  it^  the  laws  of  all  the  phenomena 
which  depend  on  temperature  are  found  to  be  expressed  mor< 
simply  than  by  reckoning  from  any  ordinary  zero.  It  is  therefon 
the  most  suitable  zero  for  purposes  of  scientific  reasoning.  For  th< 
purpose  of  recording  observations,  the  ordinary  zeros  are  more  con 
venient,  because  of  the  remoteness  of  the  absolute  zero  from  an^ 
temperature  which  is  ever  observed. 

Temperatures  reckoned  from  the  absolute  zero  are  called  abso 
LUTE  TEMPERATURES.  lu  this  treatise,  they  will  be  denoted  by  th< 
symbol  r. 

Let  T0  be  the  absolute  temperature  of  melting  ice;  and  r^  that  oi 
boiling  water,  under  the  pressure  of  one  atmospbere. 

Let  T  be  any  third  absolute  temperature. 

Then 

-.  —  ^1  —  '^o.  n  \ 

'^•""    0-365   ' ^    -^ 

Ti  =  1-365  To; (2.) 

T=r,.-f^ (3.) 

PqVq 


These  formula  become — 
for  Reavmnur^B  scaler 


\l  n  =  299-2 ;  r  =  219^-2  J^  \      ..  , 
==  T  +  2190-2;  j 


for  the  Cmbigrade  Bcale^ 


TO  =  274^;  Ti  =  374^  r  =  274^  ^  =  T  +  274o  ;,.(5.) 
for  FahrenheU'a  scale, 

.,=  4930.2;  .,  =  6730.2;  r  =  493o.2^^  \      ^^^ 
=  T  + 461^.2;  j 

and  the  positions  of  the  absolute  zero  on  the  (yrdiwury  Bcalea  are, 

on  E^umur's  scale,         —  219<»*2,  \ 

on  the  Centigrade  scale,  —  274^,     > (7.) 

on  Fahrenheit's  scale.      —  iQV'2. 1 
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Table  III.,  at  the  end  of  tbe  volume,  shows  a  series  of  ordinary 
temperatures  on  the  Centigrade  and  Fahrenheit's  scales,  -with  the 
coiresponding  absolute  temperatures,  and  the  corresponding  values 
of  ;>  V  ^PoVo, 

202.  SxpttBri*B  ABd  EiaMicitr  •€  CkMM. — A  gas  sensibly  perfect 
has  the  law  of  its  expansion  and  elasticity  expressed  as  follows  ; — 

-^  =  ^; (1.) 

and  the  results  of  this  formula  are  given  in  Table  IIL,  already 
referred  to. 

The  co^ffiderU  ofexpomsion  of  a  perfect  gas,  being  the  increase  of 
volume  imder  constant  pressure,  for  one  degree  of  rise  of  tempera- 
tore,  of  so  much  of  the  gas  as  fills  unity  of  space  at  the  temperature 
of  melting  ice,  is  the  reciprocal  of  the  absolute  temperature  of 
melting  ice,  or, 

1  -T-  493-2  =  0-0020276  per  degi-ce  of  Fahrenheit; 

1  -;-  274     =  0-00365      per  degree  Centigrade. 

This  is  a  theoretical  limit  to  which  the  co-efficients  of  expansion  of 
gases  approximate  as  their  densities  diminish  and  temperatures  in- 
crease. Their  actual  co-efficients  of  expansion  exceed  that  limit  by 
small  quantities  depending  on  the  nature,  density,  and  temperature 
of  the  ga& 

A  hypothesis  called  that  of  "  molecular  vortices,"  referred  to  in 
the  historical  sketch  prefibced  to  this  work,  led  to  the  conclusion,  in 
the  case  of  iTnperfeU  gaseSy  that  the  law  of  their  expansion  and 
elasticity  would  be  found  to  be  expressed  approximately  by  an  equa- 
tion of  the  form, 

^^=^-A,-^i  -^  -&C. (2.) 

Ao,  A^,  &a,  being  functions  of  the  density  — ,  to  be  determined 

empirically.     This  conclusion  was  verified  by  a  comparison  with 
the  experiments  of  M.  Eegnault     (Memoirs  of  the  Academy  of 
Sciences,  1847 ;  Trans,  Roy.  Soc,  Edin.,  1850 ;  PhU.  Mag.,  Dec, 
1851 1  Proc.  Roy.  Soc  Edin.,  1855 ;  Phil  Mag.,  March,  1858.) 
The  formula  for  carbonic  acid  oas  is  as  follows  : — 

pv  «.      ^           3-42      ©o  /o  V 

l>o t'o  ""  493-2  T     •   i' ^'^'f 

in  which /\,  =  2116-4  lbs.  on  the  square  foot;  r©  =  8-15725  cubio 
feet  to  the  lb. ;  p^v^sz  17264  foot-pounds. 
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It  is  probable  that  a  formula  of  tbis  class  will  at  some  fatur 
period  be  found  to  express  the  relation  between  the  temperature 
presBure,  and  densiiy  of  steam;  but  at  present  it  is  impossible  t^ 
find  such  a  formula,  for  want  of  experimental  data.  The  difficultn 
of  ascertaining  exactly  how  much  of  the  water  or  other  fluid  withii 
a  given  space  is  in  the  liquid  state,  and  how  much  in  the  state  o 
vapour,  constitutes  a  serious  obstacle  in  the  way  of  obtaining  sue] 
data.  The  principal  causes  of  that  difficulty  are,  first,  that  a  vapou: 
near  the  point  of  liquefaction  has  the  power  of  retaining  suspender 
in  it  a  portion  of  its  liquid  in  the  state  of  doud  or  mtai;  and 
secondly,  that  if  in  experiments  on  the  density  and  expansion  o 
steam,  glass  vessels  are  used,  in  order  to  show  when  the  steam  i 
free  from  cloud,  a  new  cause  of  uncertainty  is  introduced  by  th< 
fact,  that  the  attraction  between  glass  and  water  is  sufficient  t< 
retain  in  the  liquid  state,  and  in  contact  with  the  glass,  a  film  o 
water  at  a  temperature  at  which,  but  for  the  attraction  of  the  glasd 
it  would  be  in  the  state  of  steam. 

The  ideal  density  of  perfectly  gaseous  steam,  given  in  Tabic  IL, 
is  deduced  from  its  chemical  composition.  One  cubic  foot  oi 
hydrogen,  and  half  a  cubic  foot  of  oxygen,  combine  together,  and 
collapse  into  one  cubic  foot  of  steam.  Hence  the  ideal  weight  of  a 
cubic  foot  of  steam  at  32°,  and  under  one  atmosphere  (being  a 
quantity  to  be  used  in  calculation  only,  inasmuch  as  steam  cannot 
exist  at  that  pressure  and  temperature),  is  computed  as  follows  : — 

Lbs. 

One  cubic  foot  of  hydrogen, 0-005592 

Half  a  cubic  foot  of  oxygen, 0*044628 


One  cubic  foot  of  ideal  steam,  Dq, =  0-050220 

From  this  result  are  calculated  the  following,  ideal  also  : — 
Yolume  of  one  lb.  steam  at  32°  and  one  atmosphere, 
1 


Vo  =  rT  =  19-913  cubic  feet  ; 
PoVo  =  19-9124X2116-3  =  42141  foot-lbs.  ^ 


(^0 


If  from  these  quantities  are  computed  the  coiresponding  quan- 
tities for  one  atmosphere  of  pressure  and  212°,  the  foUowing  results 
are  obtained : — 


v^  =  1-365  vo  =  27-18  cubic  feet; 
Di-=  003679  lbs.; 
PiVj^  =  l  365 po  vo  =:  57522  foot-lbs. 


.(5.) 


.(7.) 
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The  volumes  and  densities  of  steam  given  in  Tables  IV.  and  VL 
ue  computed  bj  a  method  which  will  afterwards  be  explained* 
From  32°  to  104°  they  agree  very  well  with  the  assumption  of  the 
perfectly  gaseous  condition,  with  the  following  values  of  Vq  and 
f^  Vof  which  are  somewhat  smaller  than  those  deduced  from  chemical 
composition : — 

Vo  (ideal»  for  32°  and  one  atmosphere)  19-699  cubic  feet ;  ' 

Do  =  0-05076  lbs.;  -  (6.) 

|>o%  =  41690  foot-lbs. 

If  atmospheric  steam  were  perfectly  gaseous  at  212°,  the  follow- 
ing would  be  the  results  of  the  above  formulae  : — 

«i  =  1-365  ro  =  26-89  cubic  feet ; 

Di=  0-03719  lbs.; 

PiV^^l '365 Pq tTo  =  56907  foot-lbs. 

It  is  proved,  however,  by  such  experimental  data  as  exist,  that 
the  actual  density  of  steam,  at  pressures  of  one  atmosphere  and 
upwards,  exceeds  that  computed  on  the  assumption  of  the  perfectly 
gaseous  condition,  and  that  the  excess  is  greater,  the  greater  the 
pressure;  although  there  is  no  direct  experimental  determination 
of  the  exact  amount  or  law  of  that  excess.  By  the  indirect  method 
to  be  afterwards  explained,  the  amount  of  that  excess  is  found  at 
any  given  temperature;  but  the  general  law  which  it  follows  is 
unknown. 

The  tables  give,  for  one  atmosphere  and  212°, 

Vj  =  26-36  cubic  feet  per  lb. ;  ' 

Di  =  0-03797;  (8.) 

^  «i = 55783  foot-lbs. ; 

differing  by  about  (me-Jl/tieth  part  from  the  results  given  in  the  for- 
mula (7);  and  the  proportional  difference  at  higher  pressures  is 
greater. 

The  data  from  which  the  densities  and  volumes  in  these  tables 
^ere  calculated,  were  the  experiments  of  M.  Regnault  on  the  heat 
transferred  from  a  boiler  to  a  condenser,  by  sending  from  the  former 
to  the  latter  known  weights  of  steam  under  different  pressures ;  and 
it  ia  certain,  that  whatsoever  may  prove  to  be  the  law  connecting 
the  density,  pressure,  and  temperature  of  steam  under  other  cir- 
cumstances, the  densities  and  volumes  in  these  tables  cannot  err, 
to  an  extent  appreciable  in  practice  for  steam  obtained  imder 
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circumstances  similar  to  those  of  M,  RegnauUs  experiments^  wbich 
cii-cumstances  are,  in  all  important  itoints,  similar  to  those  under 
"which  steam  is  obtained  in  ordinary  steam  engines 

Table  lY.,  in  which  the  density  of  steam  is  computed  by  theoiy, 
was  published  in  1855.  The  results  of  the  experiments  of  Messrs. 
Fairbaim  and  Tate  were  published  in  1859,  and  were  found  to 
agree  very  closely  with  the  results  of  theory.  (See  PhiL  Tratu^ 
1860:  also  Trans,  of  the  Royal  Society  of  Edirtburgh,  1862,  p.  153.) 

It  is  often  convenient  for  practical  purposes  to  calculate  the 
density  of  the  volume  of  steam  directly  from  the  pressure  of  satum- 
tion  without  reference  to  the  temperature.  (See  Article  206,  page 
236.)  The  following  is  an  empirical  formula  for  that  purpose, 
first  published  in  the  Phil,  Trans,^  1859,  page  188,  and  applicable 
for  pressures  not  exceeding  120  lbs.  on  the  squai'e  inch;  in  which 
p  denotes  the  absolute  pressure,  and  v  the  volume  of  steam;  p^  the 
mean  atmospheric  pressure  of  14*7  lbs.  on  the  square  inch,  and 
v^  the  volume  of  1  lb.  of  atmospheric  steam,  or  26 '36  cubic  feet 


.(0.) 


(See  the  engraved  Diagram  at  the  end  of  the  volume.) 

In  Table  Y.,  the  densities  of  the  vapour  of  aether  are  computed 
as  for  a  perfect  gas  from  its  chemical  composition;  because  in  the 
only  case  in  which  data  exist  for  computing  its  density  otherwise, 
the  results  of  the  two  modes  of  computation  agree  exactly,  as  will 
afterwards  be  shown. 

The  quantities  in  the  column  headed  E  in  Table  II.,  being  the 
expansions  of  unity  of  volume  at  32°  in  rising  to  212°,  are  180  times 
the  co-efficients  of  expansion  per  degree  of  Fahrenheit. 

203.  ExpRMsloH  •r  Ijl^nlds— IHereMial  ThcnBOHMler. — The  rate 
of  expansion  of  every  liquid  increases  as  the  temperature  becomes 
hipfher,  and  diminishes  as  the  temperatui-e  becomes  lower. 

In  the  case  of  water,  there  is  a  temperature  at  which  the  rate 
of  expansion  disappears,  and  the  volume  of  a  given  weight  reaches 
a  minimum.  That  temperature,  according  to  the  most  trustworthy 
experiments,  is 

39°-l  Falirenheit (1.) 

Between  that  temperature  and  32°,  the  volume  of  a  given  weight 
of  water  increases  by  cold. 

It  is  possible  that  a  similar  phenomenon  may  take  place  in  other 
liquids;  but  it  has  not  yet  been  observed  in  any  liquid  except  water. 

The  above  temperature  of  the  maximum  density  of  water,  being 
the  temperature  at  which  the  specific  gravity  of  water  can  be  most 
accurately  ascertained,  is  used  in  France  as  the  standard  tempenu 
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ture,  at  wldch  the  weight  of  an  unit  of  volnme  of  water  is  taken 
for  an  unit  of  weight,  and  of  specific  gravity.  The  standard  tem- 
perature for  the  British  standards  of  weight  and  measure  is  62^ 
Fahrenheit 

The  following  empirical  formula  for  the  expansion  of  water 
between  32®  and  TT''  Fahrenheit,  deduced  from  the  experiments  of 
Stampflfer,  Despretz,  and  Kopp,  is  extracted  from  Professor  W.  H. 
ililler's  paper  on  the  Standard  Pound,  in  the  Philosophical  Trans- 
actions for  1856,  and  reduced  so  as  to  be  suited  to  Fahrenheit's 
scale  instead  of  the  Centigrade  scale,  for  which  it  was  originally 
computed : — 

J     V  _  lO'l  (T .—  39'1)«  —  0-0369  (T  —  39-l)s 
^^vo  10,000,000  ^^ 

r,  denotes  the  volume  of  a  given  weight  of  water  at  39'''1  Fali- 
renheit,  and  under  one  atmosphere  of  pressui*e^  which  for  one 
pound  of  water,  has  the  value 

^»=62^=^"^^^^^^2^' (^•) 

log  Vo  =  2-2046414. 

V  denotes  the  volume  of  the  same  weight  of  water  at  any  other 
temperature  T  on  Fahrenheit's  scale. 

For  rough  calculations  of  the  density  of  water,  a  simple  approxi- 
mate formula,  suited  for  most  practicid  purposes,  has  already  been 
given  in  Article  107,  p.  110. 

The  greater  convenience  of  thermometers  fiJled  with  liquid,  as 
compared  with  those  filled  with  air,  causes  the  former  to  be  em- 
ployed for  all  purposes  except  certain  special  scientific  researches; 
and  the  liquid  commonly  employed  is  mercury. 

A  mercurial  thermometer  consists  of  a  biilb  and  stem  of  glass. 
The  stem  should  be  as  nearly  as  possible  of  uniform  bore;  and  the 
inequalities  in  the  bore  should  be  ascertained  by  passing  a  small 
quantity  of  merciuy  along  the  stem,  and  marking  the  lengths  that 
it  occupies  in  different  positions;  and  in  the  graduation  of  the  scale 
those  inequalities  shoidd  be  allowed  for,  so  that  each  degree  of  the 
scale  shall  correspond  to  an  equal  portion  of  the  capacity  of  the 
stem.  A  sufficient  quantity  of  mercury  having  been  introduced,  it 
is  boiled,  to  expel  air  and  moisture,  and  the  tube  is  hermetically 
sealed.  The  standard  points  are  ascertained  by  immersing  the 
thermometer  in  melting  ice,  and  in  the  steam  of  water  boiling 
under  the  pressure  of  14-7  lbs.  on  the  squai-e  inch,  and  marking  the 
positions  of  the  top  of  the  column;  the  interval  between  those 
points  is  divided  into  the  proper  number  of  degrees  (100  for  the 
Centigrade  scale^  180  for  Fahrenheit's  scale),  and  similar  degrees 
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are  marked  above  and  below  those  points  if  necessary,  the  ascer- 
tained inequalities  in  the  bore  of  the  stem  being  allowed  for. 

The  rate  of  expansion  of  mercury  with  nse  of  temperature  in- 
creases as  the  temperature  becomes  higher ;  from  which  it  foUo^'s, 
that  if  a  thermometer  showing  the  dilatation  of  mercury  simply 
were  made  to  agree  with  an  air  thermometer  at  32^  and  212^,  the 
mercurial  thermometer  would  show  lower  temperatures  than  tho 
air  thermometer  between  those  standard  poin^,  and  higher  tem- 
peratures beyond  them.  For  example,  according  to  M.  Eegnaiilt 
{3fem.  Acad.  Sc,  1847),  when  the  air  thermometer  markt-il 
350°  C.  (  =  662°  F.),  the  mercurial  thermometer  would  mark 
362°-16  C.  (  =  683°-89  F.),  the  error  of  the  latter  being  in  excess, 
12°-16  C.  (  =  210-89  F.) 

Actual  mercurial  thermometers  indicate  intervals  of  temperature 
proportional  to  the  apparent  expansion  of  mercury  contained  in  a 
glass  vessel, — that  is,  the  difierence  between  the  expansion  of  mer- 
cury and  that  of  glass. 

The  inequalities  in  the  rate  of  expansion  of  the  glass  (which  aro 
very  different  for  different  kinds  of  glass)  correct,  to  a  greater  or 
less  extent,  the  errors  arising  from  the  inequalities  in  the  rate  of 
expansion  of  the  mercury. 

For  practical  purposes  connected  with  heat  engines,  the  mercurial 
thermometer  made  of  common  glass  may  be  considered  as  sensibly 
coinciding  with  the  air  thermometer  at  all  temperatures  not  ex- 
ceeding 500°  Fahr. 

For  full  information  on  the  comparative  indications  of  thermo- 
meters, reference  may  be  made  to  M.  Hegnault*s  papers  in  the 
Memoirs  of  the  Academy  of  Sciences  for  1847,  entitled  respectively 
"  De  la  Mesure  des  Temjieratures,"  and  "  De  la  Dilatation  Absolue 
du  Mercure." 

Spirit  thermometers  are  used  to  measure  temperatures  at  and 
below  the  freezing  point  of  mercury.  Their  deviations  from  the 
air  thermometer  are  greater  than  those  of  the  mercurial  thermo- 
meter. 

204.  ExFaasifMi  of  SoiMa. — The  numbers  which  it  is  customary  to 
give  in  tables  of  the  expansion  of  solids  are  the  rates  of  eaepansion 
of  (me  dimension,  and  are  therefore  respectively  one-third  of  the 
corresponding  rates  of  expansion  in  volume. 

Solid  thermometers  are  sometimes  used,  which  indicate  tempera- 
tures by  showing  the  difference  between  the  expansions  of  a  pair  of 
bars  of  two  substances  whose  rates  of  expansion  are  different 
When  such  thermometers  are  used  to  indicate  temperatures  higher 
than  the  boiling  point  of  mercury  under  one  atmosphere  (about 
67Co  Fahr.),  they  are  called  Pyrometers.  In  this  case  the  exact 
value  of  their  dcjgrees  is  somewhat  uncertain. 
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205.  Helitag  P«iMt. — One  meltmg  point  has  already  been  men- 
tioned as  a  fixed  temperature, — that  of  ice.  It  is  Unjoered  by 
pressoie  to  the  extent  of  0^-014  for  each  additional  atmosphere  of 
pressure, — a  fact  predicted  by  Prof  James  Thomson,  and  ascer- 
tained experimentally  by  Sir  William  Thomson. 

The  following  are  the  melting  points  of  a  few  of  the  more 
important  substances.  Those  marked  ?  have  been  measured  by  the 
pyrometer : — 


Bismuth, 493° 

Lead, 630° 

Zinc, 700°  ? 

Silver, 1280°  1 

Brass, 1869**? 

Copper, 2548°  1 

Gold, 2590°? 

Cast  iron, 3479°  ^ 

Wrought  iron,  higher,  but 
uncertain. 


Mercury, —  38** 

Ice, +  32*» 

Alloy— Tin   3,   Lead   5, 

Bismuth  8,  about, 210° 

Sulphur 228° 

Alloy— Tin  4,  Bismuth  5, 

Leadl, 246° 

Alloy— Tin  1,  Bismuth  1,  286° 
Alloy— Tin  3,  Lead  2,...  334° 
Alloy— Tin  2,  Bismuth  1,  334*" 
Tin,. 426'' 

Ice,  cast  iron,  bismuth,  and  antimony,  and,  according  to  Mr. 
Nasmyth,  many  other  substances,  are  more  bul^  when  in  the  solid 
state,  near  the  melting  point,  than  they  are  when  in  the  liquid 
state;  as  is  shown  by  tiie  solid  material  floating  in  the  melted 
matenaL 

For  ice,  the  excess  of  volume  in  the  solid  state  above  the  volume 
in  the  liquid  state  is  vexy  great,  and  has  been  ascertained,  with  the 
following  resqlts : — 

Yolome  of  1  lb.  Weight  of 

cubic  feet  1  cab.  ft.  in  Iba. 

Water,  at  32** 0*01602  62*425 

Ice,       at  32^ 0*0174  57*5 

206.  gi  !)■■■■  II  mt  vmp«iw  F.^p»wiii—— Bailing — The  tempera- 
ture at  which  a  given  fluid  boils  under  a  given  pressure,  is  a  fixed 
temperature.  In  order  to  explain  this  phenomenon,  and  the  law» 
vhich  it  follows,  it  is  necessary  in  the  first  place  to  describe  the 
distinctions  between  the  liquid  and  gaseous  conditions,  and  the 
mode  in  which  substances  pass  from  the  one  to  the  other. 

L  The  Liquid  state  is  that  condition  of  each  internal  part  of  a 
body,  which  consists  in  tending  to  preserve  a  definite  volume,  and 
resisting  change  of  volume,  and  in  ofiering  no  resistance  to  change 
of  figure.  It  is  known  that  most  substances,  and  believed  that  all 
sub^ances,  are  capable  of  assuming  the  liquid  condition  tmder  suit- 
able drcnmstances.     The  property  of  ofiering  no  resistance  to 
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change  of  figure,  is  oomnMHi  to  the  condition  of  Uquid  and  pew,  and 
constitiites  the  Jiuid  condition.  The  liquid  condition  is  distin- 
guished fiom  the  gaseous  by  the  property  of  tending  to  preserve  a 
definite  Toliune :  a  body  in  the  gaseous  condition  tends  to  expand 
indefinitely.  Rise  of  temperature  increases  the  resistance  of  liquids 
to  compression^  and  diminishes  their  cohesion.  It  is  known  of  most 
liquids,  and  bcdicTed  of  all,  that  for  each  temperature  of  a  given 
substance,  there  is  a  certain  minimum  pressure  on  its  external  sur- 
face, which  is  necessary  to  its  existence  in  the  liquid  state,  and 
under  which  the  communication  of  additional  heat  to  the  liquid 
mass,  makes  it  boil,  or  emit  bubbles  of  vapour  from  its  interior. 
There  is  also  reason  to  believe,  that  all  liquids  under  all  circum- 
stances emit  vapour  from  their  surfaces,  and  are  surrounded  by  an 
atmosphere  of  their  own  vapour. 

II.  Vapour  is  any  substance  in  the  gaseous  condition,  at  the 
maximum  of  density  consistent  with  that  condition.  This  is  the 
strict  and  proper  meaning  of  the  word  **  Vapour."  It  is  sometimes 
used  in  an  extended  sense,  identical  with  that  of  ''gas,'*  in  speaking 
of  substances  whose  ordinary  condition  is  the  Hquid  or  soUd  It  is 
certain  that  most  substances  are  voUUiUy  that  is  to  say,  that  they 
can  and  do  exist  in  the  state  of  vapour,  at  all  attainable  tempera- 
tures. Many  vapours,  whose  existence  cannot  be  proved  by 
mechanical  or  chemical  processes,  are  obvious  to  the  sense  of  smell; 
for  example,  those  of  iron,  copper,  lead,  and  tin.  Whether  all  sub- 
stances are  volatile  at  all  temperatures  is  yet  uncertain.  If  there 
be  cases  of  exception,  it  is  to  be  understood  that  the  laws  stated  in 
the  sequel  of  this  Article  do  not  apply  to  them. 

III.  Pressure  and  Density  of  Vapowrs, — For  each  volatile  sub- 
stance at  each  temperature,  there  is  a  certain  pressure  which  is  at 
once  the  least  pressure  under  which  the  substance  can  exist  in  the 
liquid  or  solid  state,  and  the  greatest  pressure  which  it  can  sustain 
in  the  gaseous  state  at  the  given  temperature.  That  pressui'e  is 
called  She  pressure  of  saJLwraium^  or  the  pressure  of  vapour  of  the 
given  substiance  at  t^e  given  temperature;  it  is  a  function  of  the 
temperature;  and  the  density  of  the  vapour  is  a  function  of  the 
pressure  and  the  temperature.  The  relation  between  the  pressure 
of  vapour  and  the  temperature,  for  various  substances,  has  been  the 
subject  of  many  series  of  experiments,  of  which  the  latest  and  best 
are  those  of  M.  Begnault  on  steam  {Memoirs  de  rAcadenne  des 
Sciences,  1847),  and  on  various  other  vapours  {Camptes  Rendus, 
1854).  The  best  sources  of  information  as  to  the  pressures  of 
vapours  are  the  tables  computed  by  M.  Begnault  from  those  experi- 
ments; but  such  pressures  may  also  be  computed  in  most  cases  with 
great  accuracy  by  the  aid  of  a  formula,  which,  with  the  constants 
applicable  to  vapours,  as  deduced  from  M.  R^^nault's  experiments^ 
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was  first  given  in  the  Edinburgh  FhUosophical  Journal  for  July, 
1849,  and  afterwards,  with  revised  constants,  in  the  Philosophical 
Magazine^  Dea,  1854.  The  following  is  the  formula  for  calculating 
the  preesnre  p  of  vapour  from  the  absolute  temperature  t  =  T  + 
i^V'^  Fahr.  of  the  boiling  point :— 

log;>  =  A—  -  —  -J (1.) 


T 


The  following  is  the  inverse  formula  for  calculating  the  absolute 
temperature  of  the  boiling  point  from  the  pressure : — 

The  following  are  the  values  of  the  constants  in  the  formula,  for 
temperatures  in  degrees  of  Fahrenheit,  and  pressures  in  pounds  on 
^  square  foot : — 

Fluid.         a.  logB.         log  a  j^  ^ 

Water, 8-2591  ...  3*43642. ..5-59873.. .0*003441. ..0-00001184 

Alcohol,...  7*9707  ...  3*31233.. .575323.. .0*001812. ..0-000003282 
iEther, 7'5732  •.-  3*31492. ..5-21706. ..0*006264. ..0*000.03924 

^^b.^!^}  ^"3438  ...  3-30728.. .5-31839.. .0-006136.. .0*00003765 

Mercury^..  7-9691 ...  3-72284 

For  inches  of  mercury  at  32°,  subtract  from  A, 1*8496 

„      lb.      on  the  square  inch,  „  A, 2-1584 

For  the  Centigrade  scale,  subtract  from  log  B, 0-25527 

„  logC, 0-51054 

multiply  j-g  by  i  *8 

»       i^^J  3-24 

From  the  preceding  formula  and  constants  were  calculcated  the 
pressures  in  Tables  Iv.  and  YI.  for  steam,  and  Table  Y.  for SBther, 
at  the  end  of  this  volume.    (See  Diagram  facing  page  572.) 

The  general  result  of  such  formul»  and  tables  is,  that  the  pressure 
of  vapour  increases  with  the  temperature  at  a  rate  which  itself 
increases  rapidly  with  the  temperature.  If  any  vapour  were  a  per- 
fect gas,  its  dmaity  Dj,  at  any  temperature  T,,  might  easily  be 
imputed,  when  its  density  Dj,  at  some  other  temperature  T^,  had 
^^^^  aaoertaaned  by  experiment,  by  means  of  the  formula^ 
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Dg (Tg  +  461''-2  Fahr.)        D,  (T^  +  i6r2  Fahr.) 

in  wliich  p*  and  />2  &^  ^1^^  pressures  of  the  vapour  at  the  tempera- 
tures TjL  and  Tg  respectively ;  but  no  vapour  is  an  absolutely  per- 
fect gas;  and  the  density  of  every  vapour  increases  more  rapidly 
"with  increase  of  pressure  than  that  which  would  be  given  by  the 
above  formula.  That  formula,  however,  is  sufficiently  near  the 
truth  for  practical  purposes  when  the  density  of  the  vapour  is  below 
certain  limits,  as  is  the  case  with  the  vapours  of  most  substances  at 
the  temperatures  which  usually  occur  in  the  atmosphere.  The 
experimental  determination  of  the  densities  of  vapours,  to  a  certain 
rough  degree  of  approximation,  sufficient  to  enable  the  formula  (1a) 
to  be  applied,  ia  easy,  and  is  assisted  by  a  knowledge  of  their  chemi- 
cal composition,  in  consequence  of  the  well  established  laws,  Jirst, 
that  perfect  gases  combine  by  volumes  in  simple  numerical  ratios 
only;  and,  secondly/,  that  the  volume  of  a  given  weight  of  a  compound 
perfect  gas  always  bears  simple  numerical  ratios  to  the  volumes 
which  its  constituents  would  occupy  separately.  Examples  of  the 
application  of  these  laws  are  given  in  the  case  of  steam,  in  Art  202, 
equations  4, 5,  and  in  some  parts  of  Table  II.,  marked  thus,  *  The 
direct  experimental  determination  of  the  densities  of  vapours,  to  a 
degree  of  accuracy  sufficient  to  show  the  exact  amount  of  their 
deviation  from  the  perfectly  gaseous  condition,  has  not  yet  been 
accomplished.  A  method  of  computing  the  probable  value  of  such 
densities  theoretically,  from  the  heat  which  disieippears  in  evaporating 
a  given  quantity  of  the  substance,  will  be  explained  in  Chapter  IIL 
IV.  Atmospheres  of  Vapour — Spheroidal  State, — From  what  has 
been  stated,  it  appears  that  every  solid  or  liquid  substance  in  a 
state  of  molecular  equilibrium,  wherever  it  is  not  enveloped  by 
another  solid  or  liquid  substance,  is  enveloped  by  an  atmosphere  of 
its  own  vapour,  of  a  density  and  pressure  depending  on  the  tempera- 
ture (provided  the  substance  is  volatile  at  that  temperature).  It 
has  been  suggested  as  a  hypothesis,  that  the  density  of  a  very  thin 
layer  of  this  atmosphere,  immediately  adjoining  the  surface  of  such 
liquid  or  solid,  may,  owing  to  the  attraction  of  the  liquid  or  solid, 
be  much  greater  than  the  density  at  considerable  distances,  and  that 
the  elasticity  of  an  atmosphere  of  vapour  so  constituted  may  be  the 
cause  of  that  resistance  to  being  brought  into  absolute  contact, 
which  is  displayed  by  the  surfaces  of  solid  and  liquid  bodies  in 
general  {e.  g,,  when  raindrops  roll  on  the  surface  of  a  river),  and 
which  is  so  great  at  high  temperatures  as  to  produce  what  is  called 
the  *^ spheroidal  state''  of  masses  of  liquid,  in  which  they  remain 
suspended  over  hot  solid  surfaces  with  a  visible  interval  between. 
The  only  substance    on  the  earth's  surface  which  is  sufficiently 
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abimdant  to  pervade  the  whole  of  the  earth's  atmosphere  at  all  times 
with  vapour  to  an  amount  appreciable  by  mechanical  and  chemical 
processes,  is  -water. 

V.  Miaaures  of  Vapours  and  Gases, — ^It  has  already  been  ex* 
plained,  in  Article  199,  that  the  pressnro  exerted  against  the  interior 
uf  a  vessel  hy  a  given  quantity  of  a  perfect  gas  enclosed  in  it,  is  the 
sum  of  the  pressures  which  any  number  of  parts  into  whidi  such 
quantiiy  might  be  divided  woidd  exert  separately,  if  each  were 
enclosed  in  a  vessel  of  the  same  bulk  alone,  at  the  same  tempera- 
ture; and  that,  although  this  law  is  not  exactly  true  for  any  actual 
gas,  it  is  very  nearly  true  for  many.  Thus,  if  0*080728  lb.  of  air, 
at  32°,  being  enclosed  in  a  vessel  of  one  cubic  foot  of  capacity,  exerts 
&  pressure  of  one  atmosphere,  or  14*7  lbs.,  on  each  square  inch  of 
the  interior  of  the  vessel,  then  will  each  additional  0*080728  lb.  of 
wr  which  is  enclosed,  at  32°,  in  the  same  vessel,  produce  very  nearly 
an  additional  atmosphere  of  pressura  It  has  now  further  to  bo 
explained,  that  the  same  law  is  applicable  to  mixtures  of  gases  ofdif- 
ferertt  kinds.  For  example,  0*12344  lb.  of  carbonic  acid  gas,  at 
32^,  being  enclosed  in  a  vessel  of  one  cubic  foot  in  capacity,  exerts 
a  pressure  of  one  atmosphere;  consequently,  if  0080728  lb.  of  air 
and  0-12344  lb.  of  carbonic  acid,  mixed,  be  enclosed  at  the  tem- 
perature of  32^  in  a  vessel  of  one  cubic  foot  of  capacity,  the  mixture 
will  exert  a  pressure  of  two  atmospheres  As  a  second  example : 
let  0  080728  lb.  of  air,  at  212°,  be  enclosed  in  a  vessel  of  one  cubic 
foot^  it  will  exert  a  pressure  of 

212°  +  461-2      ,  ...    ^         , 
"^32°  +  461^2  ^  atmosphere. 

Let  0*03797  lb.  of  steam,  at  212**,  be  enclosed  in  a  vessel  of 
on©  cubic  foot :  it  will  exert  a  pressure  of  one  atmosphere.  Con- 
wquently,  if  0*080728  lb.  of  air  and  0*03797  lb.  of  steam  be 
mixed  and  enclosed  together,  at  212°,  in  a  vessel  of  one  cubic  foot, 
the  mixture  will  exert  a  pressure  of  2*365  atmospheres.  It  is  a 
common  but  erroneous  practice,  in  elementary  books  on  physics,  to 
describe  this  law  as  constituting  a  difference  between  mixed  and 
homogeneous  gases;  whereas  it  is  obvious,  that  for  mixed  and  ho- 
mc^neous  gases  the  law  of  pressure  is  exactly  the  same, — viz.,  that 
ile  pressure  of  ike  whole  of  a  gaseous  mass  is  the  sum  of  the  pressures 
ffaU  iU  parts.  This  is  one  of  the  laws  of  mixtures  of  gases  and 
vapoom.  A  second  law  is,  that  the  presence  of  a  foreign  gaseous 
fubsta/nce  in  contact  with  His  surface  of  a  solid  or  liquid,  does  not  affect 
t}i€  density  of  the  vapour  ofihaJt  solid  or  liquid,  unless  (as  M.  Kegnault 
has  recently  shown)  there  is  a  tendency  to  chemical  combination 
between  the  two  substances,  in  which  case  the  density  of  the  vapour 
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is  slightly  increased.  For  example :  let  there  be  a  mass  of  liquidl 
water  in  a  receiver,  at  the  temperature  of  21 2**,  and  above  the  sur- 
face of  the  liquid  water  let  there  be  a  space  of  one  cubic  foot ;  it  isj 
necessary  to  molecular  equilibrium  at  the  given  temperature  of  212^, 
that  that  space  of  one  cubic  foot  shoidd  contain  0*03797  lb.  of  steam, 
whether  the  space  be  void  of  all  other  substances,  or  filled  with  any 
quantity  of  air,  or  of  any  other  gaseous  substance  which  does  noc 
exert  an  appreciable  chemical  attraction  on  the  water.  To  illus- 
trate the  law  further,  let  the  temperature  of  the  water  be  50°;  then. 
it  is  necessary  to  molecular  equilibrium  that  the  space  of  one  cubic 
foot  above  the  water  should  contain  0*00058  lb.  of  watery  vapour, 
whether  and  to  what  amount  soever  air,  or  any  other  gaseous  sub- 
stance not  chemically  attracting  the  water,  is  contained  in  the  same 
space.  This  and  the  preceding  law  of  mixtures  of  gases  and  vapoiirs 
(discovered  by  Dalton  and  Gay-Lussac),  enable  the  following  ques- 
tion to  be  solved : — PrMevn,  Given  the  total  pressure  P,  of  a  mix- 
ture of  a  gas  and  of  a  given  vapour,  in  a  space  saturated  with  the 
vapour  at  the  temperature  T;  required  the  pressure  and  density  of 
the  gas  separately. — Solution.  Find,  from  a  table  of  experiments^  or 
from  a  formula,  the  pressure  of  saturation  of  the  vapour  for  the 
given  temperature  T;  let  it  be  denoted  by  p;  then  the  pressure  of 
the  gas  is  jP — p;  and  its  density  is  less  than  the  density  which  it 
would  have  had  under  the  pressure  P,  if  no  vapour  had  been  pre- 
sent, in  the  ratio 

T^p 

~P    • 

Example.  A  space  contains  mixed  air  and  steam,  being  saturated 
with  steam  at  50°,  and  the  total  pressure  is  14*7  lbs.  on  the  square 
inch ;  what  is  the  pressure  of  the  air  separately,  and  what  weight  of 
air  is  contained  in  each  cubic  foot  of  the  space  f — Answer.  Either 
from  M.  Eegnault's  experiments,  or  from  the  formula  already  cited, 
it  appears  that  the  pressure  of  the  steam  is  0*173  lb.  per  square 
inch;  consequently,  the  pressure  of  the  air  separately  is  14*7  — 
0*173  ^=  14*527  lbs.  per  square  inch.  Also,  the  weight  of  air  in  a 
cubic  foot,  at  14*7  11^  per  square  inch  and  50°^  had  there  been  no 
steam  present,  would  have  been 

4.QQO.O 

0-080728  X  50°T461-'-2  =  "'^^^^^  ^^ ' 

consequently  the  -weight  of  air  actuallj  present  along  -vith  the 
steam,  in  a  cubic  foot,  is 

0-077885  X  ^1^  =  0-07698  Ih. 
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A  second  problem  is,  to  find  the  density  of  the  mixture  of  gas  and 
vapour;  which  is  solved  by  adding  to  the  density  of  the  gas  already 
found,  the  density  of  the  vapour  as  computed  by  the  methods  for- 
merly referred  to.  Thus,  in  the  case  last  given,  it  appears,  by  com- 
puting from  the  latent  heat  of  evaporation,  that  the  weight  of  steam 
in  a  cubic  foot  is  0*00058  lb. ;  consequently,  the  weight  of  a  cubic 
foot  of  the  mixture  of  air  and  steam  is  0-07698  +  0  00058  = 
0-07756  lb.  With  respect  to  the  amount  of  the  deviations  from 
the  forgoing  laws,  which  occur  when  the  ingredients  of  tho 
gaaeous  mixture  have  a  chemical  affinity  for  each  other,  the  reader 
is  referred  to  the  later  researches  of  I^L  Eegnault  already  mentioned^ 
Comptes  Emdu8,  1854. 

VL  EvaporcUicm  and  Condensation. — ^When  the  density  of  the 
vaporous  atmosphere  of  a  solid  or  liquid  is  diminished,  either  by 
the  enlargement  of  the  space  in  which  the  substance  is  contained, 
or  by  the  removal  of  part  of  the  vapour,  whether  by  mechanical 
displacement  (as  when  it  is  blown  away  by  a  current  of  air)  or  by 
condensation  in  an  adjoining  space,  the  solid  or  liquid  evaporatea 
until  equilibrium  is  restored,  by  the  restoration  of  the  vapour  to  the 
density  corresponding  to  the  existing  temperature.  The  same  thing 
takes  place  when  the  molecular  equilibrium  is  disturbed  by  commu- 
nicating heat  to  the  solid  or  liquid.  When  the  density  of  the 
vaporous  atmosphere  is  increased,  either  by  the  contraction  of  the 
space  in  which  the  substance  is  contained,  or  by  the  addition  of 
vapour  from  another  source,  part  of  the  vapour  condenses  until 
equilibrium  is  restored  as  before.  The  same  thing  takes  place  when 
the  molecular  equilibrium  is  disturbed  by  abstracting  heat  from  the 
vapour.  Evaporation  is  accompanied  by  the  disappearance  of  heat, 
called  the  LaterU  Heal  of  Evaporation,  and  condensation  by  the 
re-appearance  of  heat,  according  to  laws  to  be  stated  in  Section  2  of 
this  Chapter.  When  the  space  above  the  solid  or  liquid  is  void  of 
foreign  substances,  the  restoration  of  equilibrium  is  sensibly  instan- 
taneous; when  that  space  contains  foreign  gaseous  substances,  the 
restoration  of  equilibrium  is  more  or  less  r^Uurded,  although  the 
conditions  of  equilibrium  (as  stated  in  Division  V.  of  this  Article) 
are  not  changed.  It  is  the  retardation  of  the  difiusion  of  watery 
vapour  by  the  presence  of  air  which  prevents  every  part  of  the 
earth's  atmosphere  from  being  always  saturated  with  moisture. 

VII.  EbiUlUion, — ^When  the  communication  of  heat  to  a  liquid 
mass  and  the  removal  of  the  vapoiur  are  carried  on  continuously,  so 
that  the  pressure  throughout  the  mass  of  liquid  is  not  greater  than 
that  of  saturation  for  its  temperature,  evaporation  takes  place,  not 
merely  from  the  exposed  suiface  of  the  liquid,  but  also  from  its 
interior:  it  gives  out  bubbles  of  vapour,  and  is  said  to  boil.  The 
ascertaining  by  experiment  of  the  temperatures  of  ebullition,  or 

B 
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hoUing  pomta,  of  a  liquid  under  various  pressures,  is  the  most  accu- 
rate method  of  detennining  the  relation  between  the  temperature 
and  pressure  of  saturation  of  its  vapour.  Oonverselyy  when  that 
relation  is  known  for  a  given  fluid,  and  expressed  by  fonnulfle  or 
tables,  the  boiling  point  of  the  fluid  may  be  made  the  means  of 
measuring  the  pressure  on  it.  On  this  principle  is  founded  the 
method  invented  by  Wollaston,  and  since  perfected  by  Dr.  J.  J>* 
Forbes,  of  deducing  the  atmospheric  pressure,  and  thence  the  eleva- 
tion of  the  place  of  observation,  from  the  boiling  point  of  water  in 
an  open  vessel,  as  measured  by  a  very  delicate  thermometer.  (See 
Edinburgh  Transacdane,  vols.  xv.  and  xxL)— When  the  term  hoUing 
point  of  a  fluid  is  used  without  qualification^  it  means  the  boiling 
point  under  the  average  atmospheric  pressure  of  14*7  lb&  on  the 
square  incL 

YIII.  ResiMtmce  to  Boiling — Brine. — ^The  presence  in  a  liquid 
of  a  substance  dissolved  in  it  (as  salt  in  water),  resists  ebullition, 
and  raises  the  temperature  at  which  the  liquid  boHSf  under  a  given 
pressure;  but  unless  the  dissolved  substance  enters  into  the  compo- 
sition of  the  vapour,  the  relation  between  the  temperature  and 
pressure  of  saturation  of  the  latter  remains  xmchanged.  A  resist- 
ance to  ebidlition  is  also  ofiered  by  a  vessel  of  a  material  which 
attracts  the  liquid  (as  when  water  boils  in  a  glass  vessel),  and  the 
boiling  takes  place  by  starts.  To  avoid  the  errors  which  causes  of 
this  kmd  produce  in  the  measurement  of  boiling  points,  it  is  advis- 
able to  place  the  thermometer  not  in  the  liquid,  but  in  the  vi^ur, 
which  shows  the  true  boiling  point,  freed  from  the  disturbing  effect 
of  the  attractive  nature  of  the  vessel  The  boiling  point  of  satur- 
ated brine  under  one  atmosphere  is  226°  Fahr.,  and  that  of  weaker 
brine  is  higher  than  the  boiling  point  of  pure  water  by  1^*2  Fahr. 
for  each  Sit  of  salt  that  the  water  oontains.  Average  sea  water 
oontains  tV;  and  the  brine  in  marine  boilers  is  not  suffered  to  con- 
tain more  than  from  A  to  A. 

TX.  Nebulous  or  Vencular  Vapour  is  a  condition  of  fluids,  also 
called  Cloudy  Mist,  or  Fog,  in  which  the  Hquid  floats  in  the  air,  or 
in  its  own  vapour,  in  the  form  of  innumerable  small  globulea.  The 
condition  of  cloud  is  one  into  which  fluids  pass  from  the  state  of 
vapour  on  being  condensed  by  mingling  with  oold  air.  By  heat, 
the  globules  of  doud  are  made  to  evaporate  and  disappear;  by  cold 
they  are  made  to  coalesce  into  drops,  which  Mi  to  the  ground,  or 
adhere  to  neighbouring  sohd  bodies. 

X.  SuperliMOsd  Vapour  means  vapour  which  has  been  brought 
to  a  tem{)Grature  higher  than  the  boiling  point  corresponding  to  its 
premuro,  so  as  to  m  in  the  condition  of  a  T)ermanent  sa&  (See 
Articles  295  to  299,  pages  428  to  443.) 
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Section  2.^-0/ QtMnUUes  of  Heat 

207.  €?— ipMtooM  •€  QaaatHiM  •€  Hmt. — The  conditioii  of  heat 
is  measured  as  a  quantity,  and  its  amounts  in  different  bodies  and 
under  different  crrccimstanoes  compared,  by  means  of  the  changes 
in  some  meajsorable  phenomenon  produced  by  its  transfer  or  dis- 
appearance. Amongst  the  changes  used  for  this  purpose,  changes 
of  temperature  will  l^  first  considered.  Heat  employed  in  produo- 
ing  elevation  of  temperature  is  called  sensible  kecU. 

In  so  using  changes  of  temperature,  it  is  not  to  be  taken  for 
granted  that  equal  differences  of  temperature  in  the  same  body 
correspond  to  equal  quantities  of  heat.  This  is  the  case,  indeed,  for 
perfectly  gaseous  bodies;  but  that  is  a  fact  only  known  by  experi- 
mentb  In  bodies  in  other  conditions,  equal  differences  of  tempera- 
ture do  not  exactly  correspond  to  equal  quantities  of  heat.  To 
ascertain,  therefore,  by  an  experiment  on  the  changes  of  temperature 
of  any  given  substance,  what  proportion  two  quantities  of  heat  bear 
to  each  other,  the  only  method  which  is  of  itself  sufficient  in  the 
absence  of  all  other  experimental  data,  is  the  comparison  of  the 
tceights  of  that  substance  which  are  raised  from  one  and  the  same 
lower  temperature,  to  one  and  the  same  higher  fixed  temperature, 
by  the  transfer  to  them  of  the  two  quantities  of  heat  respectively. 
For  example,  the  double  of  the  quantity  of  heat  which  raises  the 
temperature  of  one  pound  of  water  firom  32''  to  32°  +  30°  =  62**, 
is  not  exactly  the  quantity  of  heat  which  raises  the  temperature  of 
one  pound  of  water  fi^om  32°  to  32°  +  60°  =  92°;  but  it  is  exactly 
the  quantity  of  heat  which  raises  the  temperature  of  two  pounds  of 
water  from  32°  to  62°. 

The  most  usual  experiments  on  quantities  of  heat  are  those  in 
which  the  equally  of  two  quantities  of  heat  is  ascertained.  For 
example,  m  pounds  of  a  substance  A,  at  a  temperature  T^,  and  n 
pounds  of  a  substance  B  at  a  lower  temperature  T3,  are  brought 
into  dose  contact,  and  either  they  are  guurded  against  the  tranefez 
of  heat  to  or  from  third  bodies,  or  if  such  transfer  is  unavoidable, 
its  amount  is  ascertained  and  allowed  for.  After  a  sufficient  time 
has  elapsed,  equilibrium  of  temperature  takes  place,  by  both  bodies 
acquiring  the  same  temperature  Tg,  intermediate  between  T^  and  T3. 

Then  a  certain  amount  of  the  condition  called  heal  has  been 
transferred  from  A  to  B;  and  the  effects  of  that  transfer  are — 

L  The  lowering  of  the  temperature  of  m  pounds  of  A  from  T^  toTj ; 

n.  The  raising  of  the  temperature  of  n  pounds  of  B  from  T3  to  Tj; 
from  which  we  conclude,  that  the  quantities  of  heat  corresponding 
to  those  two  effects  are  equal 

A  further  inference  from  the  same  experiment  is  the  following 
proportion  i^— 
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Quantitj  of  heat  corresponding  to  the  interval  of  tempentturej 

between  T,  and  T,  in  the  substance  A, 
:  Quantity  ofheat  corresponding  to  the  interval  of  temperature 

between  T^  and  T3  in  the  substance  B 

The  same  mode  of  experimenting  may  be  applied  to  two  portions 
of  the  same  substance^  so  as  to  compare  the  quantities  of  heat 
corresponding  to  intervals  of  temperature  in  different  parts  of  the 
thermometric  scale. 

207  A.  A  Catoriaieter,  or  instrument  for  measuring  quantities  of 
heat,  consists  essentially  of  a  vessel  containing  a  known  wei^t  of 
some  convenient  liquid,  such  as  water  or  mercuiy — a  thermometer 
for  indicating  the  temperature  of  that  liquid, — and  if  neoessaiy,  an 
agitator,  or  fan,  for  making  the  liquid  circulate,  in  order  that  all  its 
parts  may  be  at  an  uniform  temperature  at  the  same  instants 

Experiments  of  the  kind  mentioned  in  Article  207  are  performed 
by  immersing  in  the  liquid,  or  mixing  with  it,  a  known  weight  of 
the  substance  to  be  experimented  on,  at  a  known  temperature, 
different  from  the  temperature  of  the  liquid,  and  noting  the  com- 
mon temperature  of  the  liquid  and  of  the  immersed  substance  when 
equilibrium  of  temperature  is  restored;  taking  care  at  the  same 
time  that  all  losses  of  heat,  and  other  causes  of  error,  are  ascertained 
and  allowed  for. 

In  the  mercurial  calorimeter  of  MM.  Favre  and  Silbermann, 
there  is  no  independent  thermometer;  the  instrument  being  simply 
a  mercurial  thermometer  with  a  bulb  so  large,  that  the  body  to  be 
experimented  upon  can  be  enclosed  in  a  small  chamber  in  the 
centre  of  the  bulb,  so  as  to  insure  that  all  the  heat  which  that 
body  loses  shall  be  transferred  to  the  mercury.  This  calorimeter 
has  no  agitator. 

For  examples  of  the  oonstruction  and  use  of  the  water  calori- 
meter, see  M«  Hegnault's  papers  in  the  Memoirs  qfthe  Academy  of 
Sciences  for  1847. 

208.  VbIi  ttf  BMt. — For  the  purpose  of  expressing  and  compar- 
ing quantities  of  heat,  it  is  convenient  to  adopt  as  an  unit  of  heat 
or  THERMAL  UNIT,  that  quantity  of  heat  which  corresponds  to  some 
definite  interval  of  temperature  in  a  definite  weight  of  a  particular 
substanoa. 

The  thermal  unit  employed  in  Britain  is — 

The  quarUity  o/hecU  whvch  correeponds  io  am,  itUerval  o/one  degree 
of  FahrenJieU'e  scale  in  the  temperature  of  one  pound  of  pure  liquid 
toater,  at  amd  newr  its  temperature  of  greater  density  (39  -1  Fahren- 
heit). 

The  reason  for  the  limitation  to  that  part  of  the  scale  of  tern* 
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)>eratiire  vbich  is  near  the  temperatore  of  the  greatest  densiiy  of 
vater  is,  that  the  quantity  of  heat  corresponding  to  an  inter\'al  of 
one  degree  in  a  given  weight  of  water  is  not  exactly  the  same  in 
diSerent  parts  of  the  scale  of  temperatures^  but  increases  as  the 
temperature  rises,  according  to  a  law  which  will  be  stated  in  the 
next  Article. 

For  temperatures  not  higher  than  80^  Fahrenheit,  that  quantity 
is  sensibly  constant. 

The  thermal  imit  employed  in  France  (called  Calorie)  is  the 
quantity  of  heat  which  corresponds  to  an  interval  of  one  GerUigrade 
degree  in  the  temperature  of  one  hilcgrcmmye  of  pure  liquid  water, 
at  and  near  its  temperatiure  of  greatest  density. 

The  following  statement  shows  the  mutual  ratios  of  the  British 
and  French  units  of  weight,  temperature,  and  heat,  with  the 
logarithms  of  those  ratios : — 

Ratios.  Logarithnu. 

Pounds  avoirdupois  in  a  kilogramme, 2*20462        0*3433340 

Kilogramme  in  a  lb.  avoirdupois, 0*453593  i  '6^66660 

Fahrenheit  degrees  in  a  Centigrade  degree,  1*8  0*2552725 

Centigrade  degree  in  a  Fahrenheit  degree,... 0*555  ^  '7447  ^75 

British  thermal  units  in  a  French  thermal )       ^^  -  Oic  ir- 

unit, /  3-96833  0*5986065 

French  thermal  unit  in  a  British  thermal  )                .  - 

unit, /  0-251996  1-4013935 

Other  units  in  which  quantities  of  heat  can  be  expressed  will  be 
afterwards  explained. 

209.  flpccMc  Heat  wt  MAvOAm  aad  tMi&B. — The  specyio  keot  of  a 
substance  means  the  quantity  of  heat,  expressed  in  thermal  units, 
which  must  be  transferred  to  or  from  an  unit  of  weight  (such  as  a 
pound)  of  a  given  substance,  in  order  to  raise  or  lower  its  tempera- 
ture by  one  degree,  at  a  certain  specific  temperature. 

Accordii^  to  the  definition  of  a  thermal  unit  given  in  Article 
208,  the  specific  heat  of  liquid  water  at  and  near  its  temperature 
of  maximum  density  is  vaiity;  and  the  specific  heat  of  any  other 
substance,  or  of  water  itself  at  another  part  of  the  scale  of  tern 
peratures,  is  the  ratio  of  the  weight  of  uxUer  at  or  near  39^*1 
Fahrenheit,  ufhich  has  its  temperature  altered  one  degree  by  the 
transfer  of  a  given  qaanrvtity  of  heat,  to  the  weight  of  the  other  sub- 
ttance  tmder  coruideroHony  which  has  its  temperature  altered  one 
degree  by  the  tramfer  of  an  equal  qwmtUy  of  heat :  the  equality  of 
quantities  of  heat  being  ascertained  in  the  manner  explained  in 
Article  207. 

The  specific  heat  of  a  substance  is  sometimes  called  its  "  capacity 
forheai:' 
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The  specific  Iieats  of  the  sabstances  to  which  refexenoe  -will  after 
wards  have  to  be  made  in  this  treatise,  as  expressed  in  ordinal^ 
thermal  ludts,  are  given  in  the  columns  headed  C  in  Table  UL,  aJi 
the  end  of  the  yoluma 

So  far  as  those  tables  relate  to  liquids  and  solids,  those 
quantities  are  to  be  regarded  as  merely  approximate  average 
values,  near  enough  to  the  truth  for  practical  purposes  at  the 
temperatures  which  usually  occur ;  for  the  specific  heat  of  evex^ 
substance  in  the  liquid  or  solid  state  is  variable,  becoming  greatei 
as  the  temperature  rises;  and  that  to  an  extent  which  is  in  genend 
greater,  the  more  expansible  the  substance  is. 

The  only  substance  for  which  the  exact  law  of  that  variation  hai 
been  ascertained  is  water,  on  whose  specific  heat  a  series  of  precise 
experiments  was  made  by  M.  Begnault,  and  published  in  tb< 
Memoirs  of  the  Academy  of  Sciences  for  1847. 

The  following  empiricsd  formulie,  first  published  in  the  Trans' 
actions  of  the  Royal  Society  of  EdivUbv/rgh  for  1851,  represent  ven 
closely  i^e  results  of  those  experiments. 

Let  T  be  the  temperature  of  the  water,  reckoned  fi!om  the 
ordinaiy  zero  of  Fahrenheit's  scale.  Then  the  specific  heat  iA 
water  at  that  temperature  is 

c=  1  +0-000000309  (T-  39M)«; (1.) 

the  number  of  units  of  heat  required  to  raise  one  pound  of  water 
from  any  temperature  T^  to  any  other  temperature  T^  is  as 
follows : — 

A==J\rfT  =  T,-Ti  +  0-000000103  { (T,  -  39^-1)3 

-(Ti-39M)«}  (2.) 

and  the  fMook  sijpeicific  KsaA  between  any  given  pair  of  temperaturca^i 
Tj  and  T^,  is 

^rAgp"  =  ^  ■*■  ^-000000103  {  (T,  -  39^-l)«  J 

+  (T,-39M)(Ti-39^-l)  +  (Ti-39M)«} (3.)    | 

To  adapt  these  formulsa  to  the  Centigrade  scale,  the  following  I 
alterations  are  to  be  made : —  j 

for  0000000309  is  to  be  put  O-OOOOOl ;  | 

for  0000000103  „  0-00000033:  i 

forT-39M,  „  T-40  I 

The  exact  equivalent  of  Z^^^A  Fahrenheit  is  3''-94  Centigrade;  buti 
40  is  sttfiiciently  near  the  truth  for  the  present  puipose.  ' 
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In  calculatioiis  respecting  the  quantities  of  heat  required  by 
masses  composed  of  yarious  mateiiaia  to  produce  given  alterations 
of  temperature,  it  is  convenient  to  substitute  for  the  weight  of  each 
material  an  equivalent  weight  of  water,  and  then  to  c^culate  for 
the  whole  mass  as  if  it  were  composed  of  water.  The  equivalent 
weight  of  water  is  found  in  each  case  by  multiplying  the  weight  of 
the  material  in  question  by  its  specific  heat. 

Suppose,  for  example,  that  a  calorimeter  contains  tn  pounds  of 
water,  and  that  the  vessel  and  the  agitator  are  made  of  copper,  and 
weigh  q  poand&  The  solid  part  of  the  apparatus  accompanies  the 
water  in  its  changes  of  temperature;  and  the  heat  required  to  pro- 
duce these  changes  must  be  taken  into  account  This  is  con- 
veniently done  by  supposing  that  for  the  q  pounds  of  copper  there 
are  substituted  '0951  q  pounds  of  water  (*0951  being  the  specific 
heat  of  copper);  and  then  computing  the  results  of  experiments 
made  with  tiie  calorimeter  as  if  it  consisted  solely  of 

m  +  0951  q  pounds  of  water. 

The  following  are  the  specific  heats  of  a  few  liquids  and  solids, 
in  addition  to  those  given  in  Table  II.  at  the  end  of  the  volume. 
Some  are  given  on  t£e  authority  of  M.  Kegnault ;  some  on  that 
of  Lavoisier  and  Laplace,  some  on  that  of  Dalton,  and  the  specific 
heat  of  ice  on  that  of  M.  Person. 

Ice, 0*504 

Sulphur, 1 0*20259 

Charcoal, 0*2415 

Coal  and  ooke  average, 0*201 

Alumina  f Corundum), 0*19762 

Do.       (Sapphire), 0*2x732 

Silica, 0*19132 

{Brick,  being  composed  of  silica  and  alumina,  has  probably  a 
specific  heat  of  about  0*2). 

Flint  glass, 0*19 

Carbonate  of  Hme, 0*2085 

Quicklime, 0*2169 

Magnesian  limestone, 0*21743 

{Stoneg,  being  composed  chiefly  of  silica,  alumina,  and  carbo- 
nates of  lime  and  magnesia,  have  probably  specific  heats  not 
di£fering  greatly  from  0-2  or  0*22). 

Olive  oil, 0*3096. 

From  some  of  the  above  data  may  be  deduced  the  useful  prao- 
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tical  conclusion,  that  the  average  specific  heat  of  the  nonrmKdUic 
^fnateridU  and  contents  of  a  Jumace,  whether  bricks,  stones,  cr  fud, 
does  not  greatly  differ  from  one-fifth  of  that  qfvxUer, 

It  was  discovered  by  Dulong  and  Petit,  and  has  been  verified  bj 
MM.  Hegnault,  Newmann,  and  Avogadro,  that  most  known 
substances  may  be  arranged  according  to  the  analogies  of  their 
chemical  constitution  in  groups ;  and  that  in  any  one  given  group 
the  specific  heats  of  the  substances  are  with  few  exceptions  inversely 
as  their  chemical  equivalents ;  or,  in  other  words,  that  the  product 
of  the  specific  heat  of  a  substance  by  its  chemical  equivalent  is  a 
constant  for  most  of  the  substances  in  one  group. 

For  most  of  the  metals,  for  example,  that  constant  product  is,— 

According  to  the  French  scale  of  chemical  equivalents,... 37 -5; 
According  to  the  English  scale, 6- 

210.  8p«ciflc  neat  of  Gaacs. — ^Although  the  exact  value  of  the 
specific  heat  of  air  was  predicted  by  an  indirect  calculation  in 
1850,  neither  it,  nor  that  of  any  other  gas,  was  determined  accu- 
rately by  direct  experiment  until  M.  Hegnault  made  his  experi- 
ments on  that  subject,  the  results  of  which  were  published  in  the 
Comptes  Rendus  of  the  Academy  of  Sciences  for  1853. 

The  specific  heat  of  a  gas  which  is  nearly  in  the  perfectly  gaseous 
state  does  not  sensibly  vary  with  density  or  with  temperature;  so 
that  for  such  a  gas,  equal  intervals  of  temperature  correspond  to 
equal  quantities  of  heat  on  all  parts  of  the  thermometric  scale& 

Hence  it  has  been  inferred  as  probable,  that  the  absolute  zero  of 
the  perfect  gas  thermometer  (Article  201)  coincides  either  exactly,  or 
very  nearly,  with  the  ahsohde  zero  of  heat,  or  temperature  at  which 
bodies  are  wholly  destitute  of  the  condition  called  heat.  This 
inference  is  corroborated  by  fiEusts  to  be  mentioned  in  Chapter  IIL 
«of  this  Part 

It  was  shown  by  Laplace  and  Poisson,  that  the  specific  heat  of  a 
gas  is  different,  according  as  it  is  maintained  at  a  consUvnt  volume, 
or  at  a  constant  pressure,  during  the  operation  of  changing  its  tem- 
perature, and  that  the  ratio  which  these  two  specific  heats  bear  to 
•each  other  is  connected  with  the  velocity  with  which  sound  is  trans- 
mitted through  the  gas,  in  the  following  manner : — 

When  a  pound  of  a  given  gas  is  enclosed  in  a  vessel  of  invariabU 
volume,  let  c,  denote  the  number  of  units  of  heat  required  in  older 
to  raise  its  temperature  one  degree. 

When  the  same  weight  of  the  same  gas  is  contained  in  a  space 
capable  of  enlargement,  and  subjected  to  a  constant  pressure,  and 
when  its  temperature  is  raised  by  one  degree,  it  not  only  becomes 
hotter  to  the  same  extent  as  before,  but  also  expands  by  OKK)20276 
of  its  volume  at  32**;  and  it  is  known,  that  to  raise  its  temperature 
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ODe  degree,  and  expand  its  volume  by  that  fraction,  zequires  a 
quantity  of  heat  c^  which  is  greater  in  a  certain  proportion  than 
that  required  merely  to  raise  its  temperature  one  degree  without 
expanding  it  (c,). 

Let  the  ratio  — L  =  y.     Then  it  can  be  shown,  that  when  the 

density  of  the  gas  D  is  made  to  vary  without  any  transfer  of  heat 
to  or  from  the  gas,  the  pressure  varies  proportionally  to  that  power 
of  the  density  whose  index  is  the  ratio  y ;  that  is — 

po:I>y (1.) 

The  velocity  with  which  sound  is  transmitted  through  any  sub- 
stance is  the  same  with  that  which  a  heavy  body  would  acquire  in 
ialling  through  one-half  of  the  height  which,  being  multiplied  by 
a  small  variation  of  the  density  of  the  substance,  gives  the  corre- 
sponding small  variation  of  the  pressure.  That  is,  let  t6  denote  the 
velocity  of  sound ;  then 

«=V(w) w 

According  to  equation  1,  for  a  gas, 

^P         yP                                      ^  /o\ 

TD  =  ~D-  =  vP^'=vPo^o  '  -I (3.) 

and  consequently, 

w  =  a/  (gypoVo^  -);  y  =  -^^-^ (4.) 

V      \  To/  gpoVQT  ^    ' 

60  that  when  the  velocity  of  sound  at  a  given  absolute  temperature 
T  has  been  ascertained  in  a  gas  for  which  ^o  Vq  is  known,  the  ratio  y 
can  be  calculated. 

The  value  of  that  ratio  for  atmospheric  air,  as  deduced  from  the 
experiments  of  MM.  Bravais  and  Martins,  and  MM.  Moll  and  Van 
Beek,  on  the  Telocity  of  sound,  is 

y  =  1-408; (5.) 

and  the  same  value  agrees  veiy  nearly  also  with  the  experiments  of 
Bulong  on  the  velocity  of  soimd  in  oxygen,  hydrogen,  and  carbonic 
oxide.  For  the  denser  and  more  complex  gases,  its  value  appears 
to  be  smaller  (see  EcUn.  Trans,,  1853,  voL  xx.,  page  589.) 

Owing  to  the  difficulty  of  experimenting  on  the  specific  heats  of 
gases  at  constant  volume,  their  specific  heats  under  constant  pres- 
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Bure  havo  alone  been  found  by  direct  experiment  with  the  calorim 
ter.     Examples  of  both  kinds  of  specific  heat  are  given  in  Table  I 

211.  WmMmmt  Mmmt  means,  a  quantity  of  heat  which  has  disaj 
pea/red;  having  been  employed  to  produce  some  change  other  ths 
elevation  of  temperature.  By  exactly  reversing  that  change,  tl 
quantity  of  heat  which  had  disappeared  is  reproduced. 

When  a  body  is  said  to  possess  or  carUam  so  much  latent  hea 
what  is  meant  is  this, — ^that  the  body  is  in  a  condition  into  whic 
it  was  brought  from  a  former  different  condition  by  transferring  I 
it  a  quantity  of  heat  which  did  not  raise  its  temperature,  the  chan^ 
of  condition  having  been  different  from  change  of  temperature ;  an 
that  by  restoring  the  body  to  its  original  condition  in  such  a  mai 
ner  as  eoaacUy  to  reverse  all  the  steps  of  the  former  process,  tl 
quantity  of  heat  formerly  expended  can  be  reproduced  in  the  boii 
and  transferred  to  other  bodies. 

The  principles  according  to  which  such  disappearance  and  pn 
duction  of  heat  take  place  belong  to  the  Second  and  Third  Chaptei 
of  this  Part;  at  present  the  £Etcts  are  merely  to  be  stated  as  the 
are  observed. 

The  effects  other  than  rise  of  temperature,  produced  by  quant 
tics  of  heat  which  disappear,  can  be  used  to  measure  and  compor 
those  quantities. 

212.  lAteat  Bi«at  of  Bzpaasioa — ^Heat  which  disappears  in  catu 
ing  the  volume  of  a  body  to  increase  under  a  given  pressure,  ha 
ali*eady  been  illustrated  in  the  case  of  gases.  For  example,  t 
raise  the  temperature  of  a  pound  of  air  one  degree  of  Fahi^nheil 
and  at  the  same  time  to  increase  its  volume  by  0*0020276  of  it 
volume  at  32%  requires  c,  ==  0*238  of  a  thennal  unit;  while  th 
mere  rise  of  temperature,  without  expansion,  requires  only  c,  = 
0*169;  and  it  is  evident  that  the  difference  between  those  quanti 
ties,  or  c,  —  c^  =■  0*069  of  a  thermal  unit,  is  the  heat  vchich  disa^ 
pecMTS  in  producing  the  bejbre-^nentioned  expansion;  or,  in  othe 
words,  the  latent  heat  of  expansion  of  the  air,  for  an  expansion  o 
0*0020276  of  its  volume  under  the  same  pressure  at  32°. 

The  fact  already  mentioned,  that  the  increase  of  the  specific  hea 
of  solids  and  liquids  as  the  temperature  rises  is  greatest  for  thos4 
which  are  most  expansible  by  heat,  and  in  particular,  the  instano 
of  that  fact  which  takes  place  for  water,  whose  least  specific  hea 
corresponds  to  its  greatest  density,  makes  it  probable  that  tb 
variable  part  of  the  specific  heat  of  solids  and  liquids  is  kUent  hea 
qfexpaflwUm;  and  that  the  reail  spec^  heat  of  ^veiy  substance,  oi 
the  heat  which  produces  changes  of  temperature  alone,  is  constani 
for  all  temperatures. 

213.  EMUmt  B«it  of  F««i«a.— -When  a  body  passes  &om  t]i< 
4olid  to  the  liquid  state,  its  temperature  remains  stationary,  en 
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nearly  stationary,  at  a  certain  meUmg  point  (Art  205)  during  the 
whole  operation  of  melting;  and  in  order  to  make  that  operation 
go  on,  a  quantity  of  heat  must  be  transferred  to  the  substance 
melted,  having  a  certain  amount  for  each  unit  of  weight  of  the 
substance.  That  heat  does  not  raise  the  temperature  of  the  sub- 
stance, but  disappears  in  causing  its  condition  to  change  fix>m  the 
solid  to  the  liquid  state;  and  it  is  called  the  latent  heat  qf/tisioTu 

When  a  body  passes  from  the  liquid  to  the  solid  state,  its  tem- 
perature remains  stationary  or  nearly  stationary  during  the  whole 
operation  of  freezing;  a  quantity  of  heat  equal  to  the  latent  heat 
of  fusion  is  produced  in  the  body;  and  in  order  that  the  opera- 
tion of  freezing  may  go  on,  that  heat  must  be  transferred  from 
the  body  to  some  other  bdy. 

The  followrng  are  examples  in  British  thermal  units  per  lb. : — 

SubstanceB.  MdtiDg  pointa.  ^*fori^' 

Toe  (according  to  Pedet), 32"^ 135 

„    (according  to  Person), 32  I42'65 

Spermaceti, 56  148 

Bees'wax, 140  175 

Phosphorus, 177  9*06 

Sulphur, 405  i6'86 

Tin, 426  500 

M.  Person,  in  a  paper  published  in  the  Anrudes  de  Chimie  et  ds 
Physique,  for  November,  1849,  gives  the  following  law  as  the  result 
of  his  experiments  on  the  latent  heat  of  fusion  of  non-metallic 
substances : — 

Let  c  be  the  specific  heat  of  the  substance  in  the  solid  state ; 

Cy  its  specific  heat  in  the  liquid  state ; 

T,  its  temperature  of  fusion  in  Fahrenheit's  ordinary  scale;  then 
the  latent  heat  of  fusion  of  one  pound,  in  British  thermal  units,  is 

1=  ((/  —  €)(£  +  256°) (1.) 

In  the  case  of  ice,  for  example,  c  =  0-504;  </  =  1 ;  T  =  32°,  and 

» ly  by  calculation, =  '496  x  288  =  142*86 

I,  hy  experiment,  according  to  M.  Pei*son, =  142-65 

Difference, 0*21 

M.  Person  also  gives  a  general  formula  for  the  latent  heat  of 
fusion  of  metals,  as  to  which  it  is  sufficient  here  to  refer  the  reader 
to  the  original  paper  cited. 

The  fufflon  of  solids  is  sometimes  used  for  the  measurement  of 
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quantities  of  heat.  For  example,  an  ice  calorimeter  consists  essen- 
tially  of  a  block  of  ice,  in  which  a  cavity  has  been  made,  witli  t 
stopper  of  ice  for  closing  it  If  a  piece  of  some  substance  at  a  givtM 
temperature,  higher  than  32%  is  enclosed  in  that  cavity  until  iu 
temperature  falls  to  32%  the  quantity  of  heat  transferred  from  it  u 
the  ice  is  indicated  by  the  weight  of  ice  melted,  being  at  the  rati 
of  142  British  thermal  units  for  eac  h  pound  of  ice  melted. 

The  lowering  of  the  melting  point  of  ice  by  pressure,  discovered 
by  Mr.  Thomson,  will  be  described  in  Chapter  IIL 

214.  ijaient  Beat  of  Eraponiiioa. — ^Whena  body  passes  from  the 
solid  or  liquid  to  the  gaseous  state,  its  temperature  during  the  whole 
operation  remains  stationary  at  a  certain  boUvig  point  (Article  2i)0\ 
dejiending  on  the  pressure  of  the  vapour  produced;  and  in  order  to 
make  the  evaporation  go  on,  a  quantity  of  heat  must  be  transferred 
to  the  substance  evaporated,  whose  amount,  for  each  unit  of  weight 
of  the  substance  evaporated,  depends  on  the  temperature.  That  heac 
does  not  raise  the  temperature  of  the  substance,  but  dieappears  in 
causiuff  it  to  assume  the  gaseous  state;  and  it  is  called  ihe  lattut 
heat  qf  evaporation. 

When  a  body  passes  from  the  gaseous  state  to  the  liquid  or  solid 
state,  its  temperature  remains  stationary,  during  that  operation,  ai 
the  boiling  point  corresponding  to  the  pressure  of  the  vapour ;  a 
quantity  of  heat  equal  to  the  latent  heat  of  evaporation  at  that 
temi)ei'aturo  is  produced  in  the  body;  and  in  order  that  the  opera- 
tion of  condensation  may  go  on,  that  heat  must  be  transferred  from 
the  body  condensed  to  some  other  body. 

The  relations  which  exist  between  tne  latent  heat  of  evaporation, 
and  the  pressure  and  volume  of  the  vapour,  will  be  explained  in 
Chapter  III. 

Tne  following  are  examples  of  the  latent  heat  of  evaporation  in 
British  thermal  units,  of  one  pound  of  cei'tain  substances,  when  the 
pressure  of  the  vapour  is  one  aimoephere  of  14*7  Ibe.  on  the  squai-u 
inch  ;— 

Bolllog  point  LatMit  he«t  in 

SubtUnco.         ttudor  one  atnu  BriuSi  unita?  Authority. 

Fahr. 

Water, ai2°*o  •••        966*1  .••        Hegnault 

Alcohol, 173-3  ...        364*3  „.        Andrews. 

^ther, 95-0  ...         i6a-8  ...  do. 

Bisulphuret  of )     ,    o  ^^  , 

carbon, |  "^'^  -         'S^'o  ...  da 

The  latent  heat  of  evaporation  of  water  at  a  series  of  boiling 
points  extending  from  a  few  degrees  below  its  freezing  point  up  to 
^ut  375**  Fahrenheit  has  been  determined  experimentally  by  M. 
B^nault  {Menwvre  o/tfie  Academy  0/ Sciences,  1847).     The  foUow- 
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iDg  empirical  formula  represents  the  results  of  those  experiuieuts 
^tk  great  precision^  in  British  Uiemud  units : — 

/=  1091-7  —  0-695  (T  —  32**)  —  0O00000103  (T  —  39''-l)»  ...(1.) 

This  formula  is  not  exactly  the  same  with  that  given  by  M. 
RegDAult  himself,  but  is  slightly  modified  for  reasons  explained  in 
a  paper  on  the  specific  heat  of  liquid  water,  in  the  Transactions  of 
Ike  Royal  Society  of  Edinburgh,  vol.  xx.  For  the  Centigrade  scale, 
in  French  units,  it  becomes 

I  =  606-5  —  0-695  T  —  0-00000033  (T  —  4°)« (2.) 

In  most  of  the  cases  which  occur  in  practice,  it  is  sufficient  to 
calculate  the  latent  heat  of  evaporation  of  water  by  the  following 
approximate  formula : — 

/nearly  =  1092  — 0-7  (T  — 32«)  =  966  —  0-7  (T  — 212^)...(3.) 

The  latent  heats  of  evaporation  of  other  substances  at  pressures 
different  firom  one  atmosphere  have  not  yet  been  ascertained. 

215.  Total  Beat  of  ETmponitioii,  or  total  heat  o/vapour,  is  a  con- 
rentional  phrase  used  to  denote  the  sum  of  the  heat  which  disappears 
in  evaporating  one  pound  of  a  given  substance  at  a  given  tempera- 
toie  (or  latent  Iteat  of  evaporation\  and  of  the  heat  required  to  raise 
its  temperature,  before  evaporation,  from  some  fixed  temperature 
up  to  the  temperature  of  evaporation.  The  latter  part  of  the  total 
heat  is  called  the  sensible  heat. 

To  express  this  by  symbols,  let  Tg  be  the  temperature  at  which 
the  substance  is  originally  obtained,  T^  that  at  which  it  is  evapor- 
ated, c  its  mean  specific  heat  between  those  temperatures,  and  ^  its 
latent  heat  of  evaporation  at  the  temperature  T^;  then  its  total 
^  of  evaporation,  from  T«,  at  Tj,  is  thus  expressed — 

Ki  =  c  (Tj  -  Tj)  +  Z, (1.) 

In  formula  and  tables  relating  to  the  total  heat  of  evaporation,  it 
is  nsoal  to  take  for  the  original  temperature  T^,  that  of  melting  ice. 

In  the  case  of  water,  the  experiments  of  M.  Kegnault,  already 
referred  to,  led  him  to  the  discovery  of  the  veiy  simple  law,  that 
the  total  heat  of  steam  from  the  temperature  of  mdiing  ice  increctses 
<^  an  wdform  rate  as  the  temperature  of  evaporation  rises.  The 
following  is  the  formula  by  which  that  law  is  expressed,  for  Fah- 
^^^nheifs  scale  amd  British  units : — 

h  =  1091-7  +  0-305  (T  —  32^) ; (2.) 

which,  for  the  Centigrade  scale  and  Frend^  units,  becomes 

h  =  606-5  +  0-305  T (2  a.) 
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It  is  by  subtracting  from  this  expression  the  quantity  of  heat 
required  to  raise  unity  of  weight  of  water  from  the  temperature  of 
melting  ice  to  the  temperature  of  evaporation  T,  as  given  in  Article 
209,  that  the  formulse  1  and  2  of  Article  214  are  obtained. 

Lot  c^2^  ^^  mean  specific  heat  of  water  between  the  tempera- 
ture of  melting  ice  and  the  temperature  Tj  of  the  "feed  water'' 
supplied  to  a  boiler ;  then  we  have,  for  the  total  heat  expended 
per  pound  of  water  evaporated  yrcmi  Tg  cU  T^,  the  following  formula 
(in  British  units)  : — 

7i2,i  =  1091-7  +  0-305(Ti  — 32^— cb,2(T2  — 32^);...(3.) 

the  last  term  showing  the  diminution  of  the  expenditure  of  the 
heat  consequent  upon  the  temj^erature  of  the  feed  water  being 
Tg  —  32°  higher  than  that  of  melting  ice. 

In  most  of  the  cases  which  occur  in  practice^  small  fractions  may 
be  neglected,  and  the  specific  heat  of  liquid  water  may  be  treated 
4is  constant,  and  =  1 ;  so  that  the  following  approximate  formula) 
.are  in  such  cases  sufficient : — 

h  =  1092  +  0-3  (T  —  32°)  =  1146  +  0-3  (T  —  212°);...(4.) 

7*2,1  =  1092  +  0-3  (T^  —  32°)  —  (Tj  —  32°) (5.) 

215  A.  irieaMremeiit  of  Seat  bj  Evaporktlon  — The  heat  pro- 
«duced  by  the  combustion  of  a  given  weight  of  fuel  (of  which 
examples  will  be  given  in  Chapter  II.)  is  usually  ascertained  by 
finding  what  weight  of  water  it  evaporates.  In  such  experiments, 
it  is  essential  to  the  obtaining  of  accurate  results  that  the  tempera- 
ture of  the  feed  water  and  the  temperature  of  evaporation  should 
both  be  ascertained,  and  the  total  heat  per  pound  of  water  com- 
puted; for  which  purpose  the  approximate  formula  5  is  sufficient 
That  total  heat  being  divided  by  966,  the  latent  heat  of  evaporation 
of  a  pound  of  water  at  212°,  gives  a  mtdiiplier,  by  which  the  weight 
of  water  actually  evaporated  by  each  pound  of  fuel  is  to  be  multi- 
plicdy  to  reduce  it  to  the  equivalent  evaporation  from  and  at  212^; 
that  is,  tJbe  vxigJU  of  water  which  tvotdd  have  been  evaporated  by  eadi 
pound  qf/uely  had  tfte  water  been  both  supplied  and  evaporated  at  Uie 
boiling  point  corresponding  to  die  mean  atmospheric  pressure. 

The  weight  of  water  so  calculated  is  called  the  evaporative  power 
of  the  fuel.  To  state  it  is,  in  fia^t,  to  employ  a  peculiar  thermal 
unit, — ^viz.,  the  latent  heat  of  evaporation  of  one  pound  of  water  at 
212°,  which  is  966  times  greater  than  the  ordinary  British  thermal 
unit  To  exemplify  the  reduction  above  described,  let  the  water  be 
supplied  to  the  boiler  at  104°  Fahr.,  and  evaporated  at  230°.  Then 
by  equation  5  of  Article  215,  the  total  heat  of  evaporation  in 
•common  British  units  per  pound  of  steam  is  (neglecting  fractions), 
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^2,1  =  1092+^.  198  —  72  =  1079; 

ind  tlie  multiplier  by  which  the  weight  of  water  actoally  evaporated 
s  to  be  multiplied  to  find  the  equivalent  evaporation  from  and  at 
112",  is 

l^Zi    ^  1.117 
966 

The  following  is  a  convenient  form  of  the  expressdon  for  that 
Qoltiplier,  or  factor  of  eoa^poralion  ;— 

-    ^  0-3  (T^ -212-)+ (212^  — T^) 
^   **■   ■  966  "" 

The  table  on  the  next  page  gives  the  factor  of  evaporation  as 
sdculated  by  the  above  formula,  for  various  temperatures  of  feed 
rater  and  of  boiling  point. 

216  T«tai  neat  of  OaaeflcaUoa. — ^It  is  demonstrated  by  rea- 
toning  to  be  explained  in  Chapter  III.  that  the  total  heat  required 
to  convert  a  given  substance  from  a  state  of  great  density  at  a  given 
tf'mperature  Tq,  to  the  perfectly  gaaeoua  stcUe  at  a  given  temperature 
r^,  the  operation  being  completed  under  any  constant  pressure,  is 
given  by  the  equation 

A  =  a  + «/  (T,  -  To) (!.)• 

where  a  is  a  constant,  and  d  is  the  specific  heat  of  the  substance 
in  the  perfectly  gaseous  state,  under  constant  pressure.  For  steam  in 
the  perfectly  gaseous  state,  or  steam-gas,  as  it  may  be  called,  for  which 

pov^  ^  42141  foot-lbs., 
the  best  existing  data  give 


a  =  1092;) 
d  =  0-475.  j  ' 


.(2.) 


For  example,  to  convert  one  pound  of  water  at  32^  into  stearn-gas 
&t  212^,  requires 

1092  +  -475  X  180  =  1177 

Tmits  of  beat ;  being  more  than  the  quantity  required  to  make 
saturated  steam  at  the  same  temperature,  in  the  ratio 

1^   «  1028. 
1146 

*  Eqqation  1  was  first  demonstrated  for  certain  caaes  in  1849,  in  a  paper  published 
b  the  TTonMaelicna  of  the  Royal  Society  of  Edinburgh,  voL  zx.;  and  was  afterwards 
more  geoeraUy  demonstrated  in  a  paper  read  to  that  Sodetv  in  1855|  but  not  yet 
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Section  3. — Of  the  Trarirfer  of  Heal. 

217.  TnuMfcr  of  Kcat  la  Geaend. — It  has  already  been  explained 
(Articles  196,  197),  that  equality  of  temperature  between  two 
bodies  consists  in  tJie  absence  of  any  tendency  to  transfer  of  heat 
between  them ;  and  that  when  their  temperatures  differ,  there  is 
a  tendency  to  equalize  their  temperatures,  by  the  transfer  of  heat 
from  the  hotter  to  the  colder.  That  tendency  is  the  greater,  the 
greater  the  difference  between  those  temperatures. 

The  rate  at  which  the  transfer  of  heat  takes  place  between  two 
bodies,  at  unequal  temperatures,  depends — 

Firsts  on  the  tendency  to  transfer  heat,  increasing  as  some  func- 
tion of  the  two  temperatures  and  their  difference. 

Secondly,  on  the  areas  of  those  parts  of  the  surfaces  of  the  bodies 
through  which  the  transfer  of  heat  takes  place.  In  most  of  the 
cases  which  occur  in  practice,  those  areas  are  equal,  and  then  the 
rateof  tranaferof  heat  is  directlyproportional  to  their  common  extent. 

Thirdly y  on  the  nature  of  the  material  of  each  of  the  bodies,  and 
the  condition  of  their  surfaces. 

Fourthly y  on  the  nature  and  thickness  of  the  intervening  sub- 
etanoes,  if  any.  Increase  of  that  thickneaa  diminishes  the  rate  of 
transf^  of  heat. 

The  transfer  of  heat  takes  place  by  three  processes,  called  respec- 
tively, rcuiiation,  conduction,  and  convection. 

218.  lUidfiuioa  of  heat  takes  place  between  bodies  at  all  distances 
apart,  in  the  same  manner  and  according  to  the  same  laws  with  the 
ladiation  of  light  Its  phenomena  have  been  studied,  and  its  laws 
ascertained,  by  many  scientific  inquirers;  but  for  purposes  con- 
nected with  prime  movers  driven  by  means  of  heat,  the  exact  and 
complete  statement  of  those  laws  is  unnecessary.  It  is  sufficient  to 
state,  that  the  rate  of  radiation  of  heat  by  the  hotter  of  a  pair  of 
bodies,  and  of  its  absorption  by  the  colder,  are  increased  by  dai*k- 
ness  and  roughness  of  the  surfiaices  of  the  bodies,  and  diminished  by 
smoothness  and  polish. 

219.  Coadactioa  is  the  transfer  of  heat  between  two  bodies  or 
parts  of  a  body,  which  touch  each  other.  It  is  distinguished  into 
internal  and  external  conduction,  according  as  it  takes  place  between 
the  parts  of  one  continuous  body,  or  through  the  sur&ce  of  contact 
of  a  pair  of  distinct  bodies. 

The  rate  at  which  conduction,  whether  internal  or  external,  goes 
<m,  being  proportional  to  the  area  of  the  section  or  sur&ce  through 
which  it  takes  place,  may  be  expressed  in  the  form  of  ao  many 
thermal  unite  per  square  foot  of  area,  per  hour. 

The  rate  of  internal  conduction  through  a  given  substance,  thus 
expressed,  is  proportional — 
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L  To  the  late  at  which  the  temperature  Tazies  along  a  line  per- 
pendicular to  the  section  through  which  the  heat  is  transfeired. 

IL  To  a  co-efficient  called  the  internal  eondudwify  of  the  sob- 
stance,  which  depends  on  the  nature  of  the  sabstance.  It  also 
depends  to  a  small  extent  on  the  temperatore  at  the  section  under 
considei-ation,  being  in  general  somewhat  greater  at  higher  than  at 
lower  temperatures;  bat  the  law  of  its  increase  with  temperature 
has  not  jet  been  accurately  ascertained  in  any  case ;  and  it  is 
lisuallj  treated  as  approximately  constant. 

Those  laws  are  expressed  mathematically  as  follows : — 

Let  dx  denote  the  distance,  in  a  direction  perpendicular  to  a 
sectional  plane  through  which  heat  is  transferred,  between  a  pair  of 
points  in  a  mass  of  a  gi?  en  substance ; 

d  T,  the  difference  between  the  temperatures  of  the  mass  of  those 
points; 

Then  the  rate  of  conduction  through  the  giren  sectional  plane 
may  be  represented  by 

^-^^'di'' <^> 

k  being  the  co-efficient  of  conductivity.  Now  in  cases  where  k 
without  sensible  error  may  be  treated  as  constant,  the  above  equa- 
tion leads  to  the  conclusion,  that  the  rate  of  conduction  through  a 
flat  layer,  of  any  uniform  thickness,  is  simply  proportional,  directly 
to  the  difference  between  the  temperatures  of  the  two  &ces  of  the 
layer,  and  inversely  to  its  thiclmess;  a  principle  expressed  as 
follows  :— 

T' T 

q^k'^^^; - (2.) 

where  T'  and  T  are  the  temperatures  at  the  two  faces  of  the  layer, 
and  m  its  thickness.  For  reasons  which  will  afterwards  appear,  it 
is  convenient,  in  cases  of  this  kind,  instead  of  the  conductivity  k 
itself,  to  use  its  reciprocal,  which  may  be  called  the  internal  thermal 
nsiatanoe  of  the  substance,  and  may  be  represented  as  follows : — 


1 


e  =  i;; (3.) 


BO  as  to  ttansform  equation  3  into  the  follo^ring  fonn : — 

r— T  ,,. 

a  ss     ■  ■■ '  ~ ... •••  ••••••••«••••.•»«•■•«•  14. 1 

^  »x  ' 

The  following  are  some  values  of  the  co-efficient  of  thermal 
resistance  %,  for  different  substancesi,  when  q  is  expressed  in  ihervMi 
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unite  per  hour  per  square  foot  qfcMrea,  and  x  in  inches,  as  computed 
from  a  table  of  conductivities  deduced  by  M.  Peclet  from  experi- 
ments by  M.  Despretz : — 

€k>ld,  platinum,  silver, .00016 

Copper, 00018 

Iron, 0-0043 

Zinc, 0*0045 

Lead, 0*0090 

Id^rble, «o*o7i6 

Brick, 0*1500 

The  total  internal  thermal  resistance  of  a  plate  consisting  of 
layers  of  different  substances  may  be  found  by  adding  together  the 
resistances  of  the  several  layers.  Thus,  let  x  denote  the  thickness 
of  any  one  of  those  layers;  e^  the  co-efficient  of  thermal  resistance 
of  the  substance  of  which  it  consists  :  let  2,  as  usual,  denote  the 
summation  of  a  set  of  quantities,  so  that  ^  *  x,  for  example,  is  the 
total  thickness  of  the  compound  plate  ;  then 

2-eaJ, 
b  the  total  thermal  resistance  of  that  plate,  and 

T  — T  ,-, 

^  =  -2:7^' ^^') 

the  rate  of  conduction  through  it  per  square  foot  per  hour,  when 
T  and  T  are  the  temperatures  of  its  hotter  and  cooler  faces  respec- 
tively. 

The  rate  of  external  conduOum  through  the  bounding  surface 
l)etween  a  solid  body  and  a  fluid  is  approximately  proportional  to 
the  difference  of  temperature,  when  that  is  small;  but  when  that 
difference  is  considerable,  the  rate  of  conduction  increases  fiuster 
than  in  the  simple  ratio  of  that  difference,  as  wiU  afterwards  be 
shown  more  in  detail. 

The  rate  of  external  conduction  may  be  expressed  by  dividing 
the  difference  of  temperature  by  a  co-efficient  of  eoOemal  thermal 
tesistanee,  depending  on  the  nature  of  the  substances,  and  also  on 
their  temperatures.  Let  the  values  of  that  co-efficien^  for  the  two 
surfaces  erf  a  given  plate,  be  denoted  by  9,  a,  respectively;  let  x  be 
the  thickness  of  the  plate  in  inches,  as  before,  and  (  its  co-efficient 
of  internal  thermal  resistance;  then  the  total  thermal  resistance  of 
the  plate  and  of  its  two  external  sur&ces  is 

and  the  rate  of  conduction  through  it  is 
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^^7+7+r- ^'-^ 

Where  T,  T,  are  now  the  temperatures,  not  of  the  two  sur&ceft  of 
the  plate,  but  of  the  two  fluids  which  are  respectivelj  in  contact 
with  its  two  ^Ekoes. 

The  external  thermal  resistance  of  the  metal  plates  of  boiler  flues 
and  tubes,  and  other  apparatus  used  for  heating  and  cooling  fluids, 
is  so  much  greater  than  the  internal  thermal  resistance,  that  the 
latter  is  inappreciable  in  comparison;  and,  consequently,  iJie  nature 
and  thickness  of  those  plates  has  no  appreciable  eflect  on  the  rate 
of  conduction  through  them. 

The  combined  external  thermal  resistances  of  both  sur&oes  of  a 
plate,  when  one  is  in  contact  with  a  liquid  and  the  other  with  air, 
have,  according  to  M.  Peclet,  values  capable  of  being  expressed  bj 
the  following  formula : — 

'''""''^A{1  +  B(T'  — T){ ^'^'^ 

in  which  the  constants  depend  chiefly  on  the  condition  of  the  surface 
of  the  body,  and  have  the  following  values  :— 

B  for  polished  metallic  surfaces, 0*0028 

B  for  rough  metallic  surfaces,  and  non-metallic  surfiioes,  0*0037 

A  for  polished  metals,  about ^-90 

A  for  glassy  and  varnished  sur&ces, 1*34 

A  for  dull  metallic  surfaces, T-58 

A  for  lamp  black, 178 

When  a  metal  plate  has  a  liquid  at  each  side  of  it,  it  appears 
from  experiments  by  M.  Peclet,  that  the  constants  in  equation  7 
^ake  the  following  values  : — 

B  =  0O58;  A  =  8-8. 

It  will  be  shown  in  a  subsequent  Article,  that  the  results  of 
experiments  on  the  evaporative  power  of  boilers  agree  veiy  well 
with  the  following  approximate  formula  for  the  thennal  xeedstancel 
of  boiler  plates  and  tubes : —  ' 

•'+'  =  T^' W 

i 
which  gives  for  the  rate  of  conduction,  per  squaie  foot  of  sni^iM 
per  hour, 

.-S=^ (..)! 


CONVECTION  OF  HEAT.  261 

This  formula  is  not  proposed  as  being  more  than  a  rough  approxi- 
mation, but  its  fflmplicity  makes  it  very  convenient,  and  it  will  be 
shown  that  it  is  near  enough  to  the  truth  for  its  purpose. 

The  value  of  a  lies  between  160  and  200. 

220.  ctmitmUou  or  Cmwrfim^  of  heat  means  the  transfer  and 
difiusion  of  the  state  of  heat  in  a  fluid  mass  by  means  of  the  motion 
of  the  particles  of  that  mass. 

The  conduction,  properly  so  called,  of  heat  through  a  stagnant 
mass  of  fluid,  is  very  slow  in  liquids,  and  ahnost,  if  not  wholly, 
inappreciable  in  gases.  It  is  only  by  the  continual  circidation  and 
mixture  of  the  particles  of  the  fluid  that  uniformity  of  temperature 
can  be  maintained  in  the  fluid  mass,  or  heat  transferred  between 
the  fluid  mass  and  a  solid  body. 

The  laws  of  the  cooling  of  thermometer  bulbs  by  convection, 
when  placed  in  receivers  flUed  with  different  gases  in  different 
states  as  to  pressure,  were  ascertained  by  Dulong  and  Petit;  but 
the  circumstances  of  the  experiments  were  too  unlike  those  which 
occur  in  boilers  and  furnaces  to  enable  those  laws  to  be  used  in  the 
solution  of  questions  connected  with  heat  engines. 

The  free  circulation  of  each  of  the  fluids  which  touch  the  sides  of 
a  solid  plate  is  a  necessary  condition  of  the  correctness  of  the  for- 
mulae for  the  conduction  of  heat  through  that  plate,  which  have 
been  given  in  Article  219;  and  in  each  of  those  formulae  it  is 
implied,  that  the  circulation  of  each  of  the  fluids  by  currents  and 
eddies  is  such  as  to  prevent  any  considerable  difference  of  tempera- 
ture between  the  fluid  particles  in  contact  with  one  side  of  the 
solid  plate  and  those  at  considerable  distances  from  it. 

It  is  to  promote  that  circulation,  and  so  to  insure  uniformity  of 
temperature  in  the  fluid  mass,  that  an  agitator  is  employed  in  the 
water  calorimeter,  as  already  stated  in  Article  207  a.  For  a 
similar  purpose,  large  boiler  flues  are  sometimes  provided  with 
** bafflers;**  that  is,  projecting  partitions  which  compel  the  hot 
gases  to  take  a  circuitous  course,  in  order  that  edcQes  may  be 
formed,  so  as  to  bring  as  many  different  particles  as  possible  suc- 
cessively in  contact  with  the  heating  surface.  Those  bafflers,  how- 
ever, have  also  another  object,  which  is  to  promote  that  thorough 
mixture  of  air  with  the  inflammable  gas  from  the  fuel,  which  is 
necessary  to  complete  combustion. 

The  most  rapid  convection  of  heat  is  that  which  is  effected  by 
means  of  cloudy  vapour,  which  combines  the  mobility  of  a  gas  with 
the  comparatively  greater  conducting  power  of  a  liquid;  as  when 
steam  communicates  heat  to  a  solid  body  by  condensing  on  its 
sar&ce.  Some  data  as  to  the  rate  at  which  this  process  goes  on 
will  be  given  in  Article  222. 

When  heat  is  to  be  transferred  by  convection  from  one  fluid  to 
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another  timni^  an  mterrcning  layer  of  metal,  tlie  motions  of  the 
two  finid  masses  should  if  possibKe  be  in  opposite  diredwns,  in  order 
thai  the  hottest  particles  of  each  fluid  may  be  in  communication 
with  the  hottest  particles  of  the  other,  and  tiiat  the  minimuin 
diffierenoe  of  tenqwntnie  between  the  adjacent  particles  of  the  two 
fluids  may  be  the  greatest  possible. 

Thns  in  the  snr&ce  condensation  of  steam,  hy  passiTtg  it  through 
metal  tobes  immersed  in  a  current  of  cold  water  or  air,  the  cooling 
fluid  should  be  made  to  move  in  the  opposite  direction  to  the  con- 
densing steam. 

In  a  steam  boiler,  it  is  flfcvourable  to  economy  of  fuel  that  the 
motion  of  the  water  and  steam  should  on  the  whole  be  opposite  to 
that  of  the  flame  and  hot  gas  for  the  fiimace. 

Thus,  if  there  is  a  ''feed- water  heater,**  consisting  of  a  set  of 
tubes  through  which  the  water  passes  to  be  heated  before  entering 
the  boiler,  &t  apparatus  should  be  placed  in  or  near  the  foot  oft' 
the  chimney,  so  as  to  be  heated  by  gas  that  has  left  the  boiler,  and 
thus  to  employ  heat  that  would  otherwise  be  wasted.  The  coolest^ 
that  is,  the  lowest  portions  of  the  water  in  the  boiler,  should,  if 
practicable  and  convenient,  be  contiguous  to  the  coolest  parts  of  the 
furnace  and  heating  sur&ce;  and  if  there  is  apparatus  for  wper- 
heaUng  the  steam,  or  raising  its  temperature  above  the  boiling  point 
corresponding  to  its  pressure,  that  apparatus  will  be  most  efficient 
if  placed  in  the  hott^  part  of  the  furnace,  like  that,  for  example, 
of  Messrs.  Parsons  and  Pilgrim.    (See  page  563.) 

231.  BSicU«c7  of  w^tmaimt  Sarikee. — When  a  layer  of  metal, 
lying  between  two  flowing  masses  of  fluid,  serves  as  the  means  of 
transmitting  heat  from  the  hotter  to  the  cooler  of  those  masses,  the 
proportion  borne  by  the  quantity  of  heat  so  transmitted  to  the 
whole  quantity  of  heat  which  the  hotter  mass  must  lose  in.  order  to 
reduce  it  to  the  temperature  of  the  colder  mass,  may  be  called  the 
^4:iency  of  the  heating  surface  of  that  layer  of  metaL 

In  most  of  the  cases  that  occur  in  practice,  the  layer  of  metal 
consists  of  the  flues,  tubes,  and  other  portions  of  the  solid  material 
of  a  boiler  which  are  exposed  to  heat ;  the  cooler  fluid  is  the  water 
in  the  boiler,  which  is  introduced  by  degrees  in  the  liquid  state  at 
a  low  temperature,  raised  to  a  higher  temperature,  and  evaporated; 
the  hotter  fluid  is  the  stream  of  air  and  hot  gases  which  comes  from 
the  furnace,  flows  along  the  heating  8ur£GU»,  and  Anally  escapes  by 
the  chimney. 

Let  W  denote  the  weight  of  gas  given  out  by  the  furnace  in  an 
hour;  c'  its  spedfio  heat  at  constant  pressure;  T  —  ^  the  excess 
of  its  temperature  above  that  of  the  water  in  tiie  boiler  when  it  is 
in  contact  with  some  given  portion  of  the  heating  sux^u^e,  the  ares 
«f  which  portion  is  ^  «;  let  g  denote  the  rate  of  conduction  per 
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square  foot  of  surfEbce  per  hour,  coiresponding  to  the  dijOference  of 
temperature  T  —  tj  then 

q  da 

is  the  beat  transmitted  by  the  portion  ds  o£  the  heating  surface 
from  the  bot  gas  to  the  water,  and 

f^'  =  -'^T, (1.) 

is  the  lo^rering  of  the  temperature  of  the  gas  by  passing  over  the 
portion  of  beating  surface  ds.  It  arrives  at  the  next  elementaiy 
portion  of  beating  surface  with  a  diminished  temperature,  and  the 
rate  of  conduction  is  therefore  diminished  j  so  that  each  successive 
equal  portion  of  the  heating  surface  transmits  a  less  and  a  less 
quantity  of  beat,  until  the  hot  air  at  last  leaves  the  heating  surface 
and  escapes  up  the  chimney,  with  a  certain  remaining  excess  of 
temperature  above  that  of  the  water  in  the  boiler,  the  heat  corre- 
sponding to  which  excess  is  wasted. 

Let  T^  denote  the  temperature  of  the  hot  gas  when  it  first  comes 
in  contact  with  the  heating  surface ;  Tj  its  temperature  when  it 
finally  leayes  the  heating  sur£ix^;  then 


the  whole  beat  expended  per  hour  is  c^  W  (T^  —  t);\ 
the  heat  wasted  per  hour  c^'W^H^  —  t);) 

the  efficiency  of  the  heating  surface, 


(2.) 


Ta- 


.(3.) 


and  all  thoee  qtmntities  are  connected  together  by  the  equation  1, 
or  by  ^ther  of  the  following  equations,  which  are  different  ways  of 
ezpiessing  its  int^pral : — 


^•W (T^-T^=  J  qds; (4.) 


in  which  last  equation,  S  denotes  the  whole  heating  surface. 

To  represent  these  principles  graphically,  draw  A  D,  fig.  90,  to 
represent  the  whole  heating  surface  S;  and  let  any  portion  of  that 
line,  such  as  AX,  represent  s,  a  part  of  that  surface.  Let  the 
ordbate  AB  =  ^j,  the  rate  of  conduction  for  the  initial  tempera- 
ture T^.    In  D  A  produced,  ti*o 
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^^£W^^ ^^^ 

then  the  rectangle  (TA  *  AB  will  represent  the  whole  heat  ex- 
pended per  hour. 

Let  the  ordinate  X  Y  =  q  represent 
the  rate  of  conduction  corresponding  to 
the  temperature  which  the  hot  gas  has 
after  having  passed  over  the  portion 
A  X  =  «  of  the  heating  surface,  and  let 
B  Y  E  be  a  curve  drawn  through  the 
summits  of  a  series  of  such  ordmates ; 
^  then  the  area  of  any  part  of  that  curve, 

n^90.  ^    ®^^^  **  ABYX,  represents  the  heat 

transferred  per  hour  through  the  part  s 
of  the  heating  surface;  the  area  ABED  represents  the  heat 
transferred  per  hour  through  the  whole  heating  surface  S;  and 
when  the  curve  B  Y  E  is  produced  indefinitely,  Sie  area  contained 
between  it  and  itsjiymptote  A  D  approximates  indefinitely  to  that 
of  the  rectangle  O  A  *  A  B. 

The  definite  results  of  these  principles  depend  on  the  relation 
between  q  and  T. 

Oasb  1.— If  we  assume  Peclet's  formula  (Article  219,  equation  7) 
for  the  thermal  resistance  of  the  pktes,  we  find 

y  =  A(T-0[l  +  B(T-<)]; (7.) 

and  this  value  being  introduced  into  equation  5,  gives  for  the 
integral  of  that  equation 

and  for  the  efficiency  of  the  heating  surface, 

Txzii_^!zOjll?i!iZl.      .    (9) 

The  values  of  the  constants  A  and  B  under  di£ferent  oircum- 
stances  have  been  given  in  Article  219. 

Aft 

The  value  of  «^  **  is  easily  found  by  the  help  of  a  table  of  hyper- 
bolic logarithms,  being  the  number  whose  hyperbolic  logarithm  is 
A  8  -H  0^  W. 


irom  which  is  easily  deduced  the  following  value  of  the  efficiency 
of  the  heating  sur&ce  : — 
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Casb  2. — ^The  above  formula  being  too  complex  for  ready  use  in 
practice,  and  the  values  of  A  and  B  being  uncertain  in  furnaces  at 
Mgh  temperatures,  the  supposition  expressed  in  equations  8  and  9 
of  Article  219,  viz.^  that  the  rate  of  conduction  is  nearly  propor- 
tional to  the  square  of  the  difference  of  temperature,  has  been  tried, 
and  found  to  agree  well  with  experiment,  as  will  afterwards  be 
shown.     That  supposition  gives  as  the  integral  of  equation  5, 

c4  =  '»'{f^,-^}j (10) 

(ily  deduced  the  following  ' 
rfiace : — 

T,-T,_         S(T,-0 

Tj  — <  ""S(Ti  — 0  +  ac^W ^^^'' 

This  may  be  put  into  another  form,  as  follows  : — Let  H  denote 
the  expenditure  of  heat  in  an  hour,  in  raising  the  temperature  of 
the  hot  gas  above  that  of  the  water;  then 

Ti-'  =  ^^J 02.) 

and  making  this  substitution  in  equation  11,  we  find  for  the  effi- 
cienqr  of  the  sui&ce, 

ZTJWW <i^-) 

This  result  is  represented  graphically  by  taking,  in  fig.  90, 

AO: 

and  making  B  Y  E  a  hyperbola  of  the  second  order,  with  O  D  and 
O  C  for  its  asymptotes. 

The  values  to  be  assigned  to  the  constants  in  equation  13,  will 
be  investigated  in  Chapter  II. 

222.  C««Uim  Sarfacc— Sariace  C«adenMiil«n. — ^The  formula  of 
the  preceding  Article,  case  1,  equations  8  and  9,  are  made  appli- 
cable to  cooling  surfaces  as  follows : — Let  t  denote  the  temperature 
of  a  film  of  liquid,  at  one  side  of  a  metal  plate;  S,  the  extent  of 
cooling  surface,  as  before ;  let  heat  be  communicated  to  the  liqidd 
at  the  temperature  t  by  some  such  process  as  the  condensation  of 
steam,  and  let  that  be  abstracted  by  the  flow  of  a  current  of  air. 
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water,  or  odier  fluid,  in  contact  with  the  metal  plate;  the  weigh 
of  fiaid  which  flows  past  per  second  being  W,  its  specific  heat  d 
its  initaal  temperature  Tp  being  lower  than  t,  and  its  final  tempera 
tuie  T^  still  lower  than  t,  bnt  higher  than  T^.  Then  in  aU  th 
equations  t  —  T,  is  to  be  substitated  for  T,  —  t,  and  t  —  T,  fo: 
T,-t 

An  obstacle  to  the  nse  of  the  formnlse  as  thus  modified  is,  tha 
the  constants  A  and  B  have  not  yet  been  ascertained  for  tin 
"eaiiace  condensation''  of  steam.  It  is  onlj  known  that  tin 
eonvecUan  of  heat  bj  a  vapour  in  the  act  of  condensing  is  men 
rapid  than  by  substances  in  other  conditions;  and  that  in  certaii 
particular  experiments  on  the  surface  condensation  of  steam,  certaii 
results  have  been  obtained,  of  which  the  following  are  examples  :— 


Steam  con- 

Its initial  <em- 

Material  of 

densed  per 

Cooling  fluid. 

pentoreT. 

plates  or 

square  foot 

Aothoritj. 

Fahr. 

tabes. 

per  boor. 
Lbs. 

Air, 

59° 

Cast  iron. 

036 

Pedet 

f> 

*> 

Sheet  iron, 

036 

» 

» 

*• 

Glass, 

0-35 

V 

«« 

•• 

Copper, 

0-28 

» 

w 

*f 

Tin  plate. 

0-2I 

w 

Water, 

68^  to  77^ 

Copper, 

21-5 

^  w 

a 

? 

M 

lOO'O 

Joule. 

In  these  experiments,  each  pound  of  steam  may  be  estimated  on 
an  average  as  corresponding  in  round  numbers  to  about  1,000 
British  thermal  units. 

The  rapidity  of  the  condensation  depends  mainly  on  that  of  the 
circulation  of  the  cooling  fluid  at  the  other  side  of  the  plate. 
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CHAPTER   IL 

OF  COUBUSnOir  AND  FUEL. 

223.  T«lal  Kcsi  •f  €mnbafltl«n  of  Elemmla. — Eveiy  chemical 
combination  is  accompaDied  by  a  production  of  beat :  every  decom* 
position,  by  a  disappearance  of  beat,  equal  in  amount  to  tbat  wliich 
is  produced  by  tbe  combination  of  the  elements  which  are  separated. 
When  a  complex  chemical  action  takes  place,  in  which  various 
combinations  and  decompositions  occtir  simultaneously,  the  heat 
0  tained  is  the  excess  of  the  heat  produced  by  the  combinations 
abofve  the  heat  which  disappears  in  consequence  of  the  decomposi- 
tioD&  Sometimes  also,  the  heat  produced  is  subject  to  a  further 
deduction,  on  account  of  heat  which  disappears  in  melting  or 
evaporating  some  of  the  substances  which  combine^  either  before  or 
during  the  act  of  combination* 

Combustion  or  burning  is  a  rapid  chemical  combination.  The 
only  kind  of  combustion  which  is  used  to  produce  heat  for  driving 
heat  engines,  is  the  combination  of  fuel  of  different  kinds  with 
oxygen.  In  the  ordinary  sense  of  the  word  (xmhustiblef  it  means, 
capable  of  combining  rapidly  toith  oxygen  so  as  to  produce  heat 
rapidly.  By  an  demeniary  or  simple  stdtstance  is  meant  one  whicli 
as  never  been  decomposed. 

The  chief  elementary  combustible  constituents  of  ordinary  fuel 
are  oovrbon  and  hydrogen.  Sulphur  is  another  combustible  consti- 
tuent of  ordinary  fuel;  but  its  quantity  and  its  heat-producing 
[lower  are  so  small,  that  its  presence  is  of  no  appreciable  value. 

Substances  combine  chemically  in  certain  proportions  only.  To 
each  of  the  substances  known  in  chemistry  a  certain  number  can  be 
assigned  called  its  ^^ chemical  equivalent"  having  these  properties — 
I.  That  the  proportions  by  weight  in  which  substances  combine 
chemically  can  fdl  be  expressed  by  their  chemical  equivalents,  or 
by  simple  multiples  of  their  chemical  equivalents.  II.  That  the 
chemical  equivalent  of  a  compound  is  the  sum  of  the  chemical 
equivalents  of  its  constituents. 

Chemical  equivalents  are  sometimes  called  atomic  ujeights,  or 
«ton»,  in  acconlance  with  the  hypothesis  that  they  are  proportional 
to  the  weights  of  the  supposed  atoms  of  bodies,  or  smallest  simila/r 
parts  into  which  bodies  are  assumed  to  be  divisible  by  known  forces. 
The  term  atom  is  convenient  from  its  shortness,  and  can  be  used  to 
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mean  '' chemical  equivalenV  without  neoesaarily  affirming  o 
denying  the  hypothesis  from  which  it  is  derived,  aiid  which,  hoi 
probable  soever  it  may  be,  is,  like  other  molecular  hypotheses 
mcapable  of  ajbsolute  proof. 

The  chemical  equivalents  of  substances  in  the  perfectly  gaseou 
state  are  known  to  be  either  exactly  or  very  nearly  proportional  t 
their  densities  at  the  same  pressure  and  temperature,  or  aimpL 
multiples  or  submultiples  of  those  densities.  In  other  words 
perfect  gases  at  a  given  pressure  and  temperature  combine,  eitht* 
exactly  or  very  nearly,  in  simple  numerical  proportions  by  volunif 
The  volume  of  the  compound  also,  if  perfectly  gaseous,  bear 
always,  either  exactly  or  very  nearly,  some  simple  numerical  rati< 
to  the  volumes  of  the  constituents,  at  the  same  pressure  and  tern 
perature. 

These  principles  have  already  been  illustrated  in  the  case  of  th< 
composition  of  steam,  in  Article  202. 

The  following  are  the  chemical  equivalents,  according  to  the 
British  scale,  of  the  principal  elementary  constituents  of  fuel,  and 
of  the  atmospheric  air  from  which  the  oxygen  required  for  com- 
bustion is  derived,  together  with  the  symbols  used  in  chemical 
writings  to  denote  them,  and  their  chemical  equivalerUs  by  volwru 
in  the  perfectly  gaseous  state : — 

Chemical  Chemical 

KaoM.  SymboL  equivalent  by  equivalent  bj 

weight  ▼dmne. 

Oxygen, O     i6     i 

Nitrogen, N     14    , i 

Hydrogen, H    i     i 

Carbon, C     12     ? 

Sulphur, S     3a     ? 

These  numbers  are  given  neglecting  fractions  too  small  to  be  of 
consequence  for  the  purposes  of  the  present  treatise. 

The  composition  of  a  compound  substance  is  indicated  in  chemi- 
cal writings,  by  affixing  to  the  symbol  of  each  element  the  num- 
ber of  its  equivalents  which  enter  into  one  equivalent  of  the 
compound. 

The  following  table  shows  the  composition  of  those  compounds 
of  the  above  elements  which  are  of  importance  to  the  purposes  of 
the  present  treatise,  either  as  furnishing  oxygen  for  combustion,  as 
entering  into  the  composition  of  ordinary  fud,  or  as  being  produced 
by  the  combustion  of  ordinaxy  fuel : — 
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Symbol  of     Praportiont     Chemical    Proportioiif   Cheroleal 

K&me.  chemical       ofdemenU     equivalent    of  elements   equivalent 

compoeition.    by  weight     by  weight    by  volume,  by  volume. 

Air, N  77  +  O  23    100    N  79  O  21   100 

Water, H2O      H2  +  O16       18      H2  +  Q         2 

Ammonia, NH3      H3  +  N14      17      H3  +  N         2 

Carbonic  oxide,      CO      C12  +  O16      28  0  +  0         2 

Carbonic  add,...     CO,     C12  +  O32       44  O  +  O2      a 

Olefiantgas, OH,     C12  +  H2        14  C  +  H2      2 

"^^Z}  °^*  °"^^*   ''    ^^^*  ' 

The  last  two  substances  are  the  chief  ingredients  of  coal  gas. 

[There  are  numerous  other  compounds  of  hydrogen  and  carbon, 
known  generally  as  '' hydro-carbons,"  and  comprising,  amongst 
other  substances,  various  fusible  and  volatile  ingredients  of  coal ; 
but  it  is  unnecessary  to  give  their  chemical  composition  in  detail] 

Sulphurous  add, SO,        S  32  +  O  32         64        2 

Sulphuretted  hydrogen,..     S  H,        S  32  +  H  2  34        2 

Bisnlphuret  of  carbon,. ••    S^C         S64  +  C12         76         2 

Air  not  being  a  chemical  compound,  but  a  mechanical  mixture 
of  nitrogen  and  oxygen,  the  proportion  of  these  per  cent,  is  given. 
In  the  table  below  the  quantity  of  air  required  to  produce  a  pouod 
of  oxygen  is  calculated  as  if  air  were  composed  of  two  parts  by 
weight  of  oxygen  to  one  of  nitrogen,  a  calculation  sufficiently  exact 
m  practice.  Carbon  never  having  been  obtained  in  the  form  of 
gas,  its  chemical  equivalent  by  volume  is  unknown. 

The  following  table  shows  the  total  heat  of  combustion  with 
oxygen  of  one  pound  of  each  of  the  elementary  substances  named  in 
it,  in  British  thermal  units,  and  also  in  lbs.  of  water  evaporated 
from  212*^.  It  also  shows  the  weight  of  oxygen  required  to  com- 
bine with  each  pound  of  the  combustible  element,  and  the  weight  of 
air  necessary  in  order  to  supply  that  oxygen.  The  quantities  of 
beat  are  given  on  the  authority  of  experiments  made  by  MM.  Favre 
and  SObermann  (See  AntuUet  deChtmie,  1852-53,  vols.  34,  36,  37). 

Lbuozygen  Total  heat     ^TaporaUve 

CombuatiUa.  per  lb.  of     Lb.  air.     niSS^nnitV        P^*' 

e^boatible.  (abont)     B'*^'^**^     from  21 2^ 

Hydrogen  gas, 8  36  62,032  64*2 

Carbon,  imperfectly  burned  \ 

80  as  to  make  carbonic  >  i^  6  49400  4'55 

oxid^, ) 

Carbon,  completely  burned,  \ 

so  as  to  make  carbonic  j*  2}        12  X4>5oo  X5'o 

•«M, J 
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It  is  to  be  observed,  that  the  imperfect  combustion  of  carbon, 
making  carbonic  oxide,  produces  less  than  ane^third  of  the  heat 
which  is  yielded  by  the  complete  combustion. 

224.   T«tal  Kcat  of  CombnMton  of  Conpoanda. — ^The   following 

is  a  similar  table,  on  the  same  authority,  for  the  more  important 
compound  ingredients  of  fuel : — 

T.^1.1  K«.»      Evaporative 
Comb^tiMe.  Lb.  oxygen.    Lb.  air      B^^h  uSL         P?^,o 

(about)     *'"^»"»^«-     fhxn212*'. 

defiant  gas,  1  lb., 3J         15*  2i,344  "-i 


Various  Hquid  hydrocar- 
bons, 1  lb., 

Carbonic  oxide,  as  much 
as  is  made  by  the  im- 
perfect combustion  of 
1  lb.  of  carbon,  viz., 
Silbs., 


Tfrom  21,700    from  2at 
(   to     19,000      to    20 


li         6  10,100  10-45 


With  regard  to  the  quantities  stated  in  this  and  the  preceding 
Article  as  being  the  total  heat  of  combustion  respectively  of  carbon 
completely  burned,  carbon  imperfectly  burned,  and  carbonic  oxide, 
the  following  explanation  has  to  be  made : — 

The  burning  of  carbon  is  always  complete  at  first;  that  is  to  say, 
one  pound  of  carbon  combines  with  2|  lbs.  of  oxygen,  and  makes 
3f  11^  of  carbonic  add;  and  although  the  carbon  is  solid  imme- 
diately before  the  combustion,  it  passes  during  the  combustion  into 
tkhp^^raseous  state,  and  the  carbonic  acid  is  gaseous.  This  terminates 
the  probtfiss  .whim  the  layer  of  carbon  is  not  so  thick,  and  the  supply 
of  air  not  so  small)  .but  that  oxygen  in  suj£cient  quantily  can  get 
direct  access  to  all  the  £rolid  carbon.  The  quantity  of  heat  prodnced 
is  14,500  thermal  units  p^r  lb.  of  carbon,  as  already  stated 

But  in  other  cases  part  ob  ^he  solid  carbon  is  not  supplied  directly 
with  oxygen,  but  is  first  heatec^  and  then  dissolved  into  the  gaseous 
state,  by  the  hot  carbonic  acic^  gas  from  the  other  parts  of  the 
furnace.  The  3|  Iba  of  carbonic  .^d  gas  from  1  lb.  of  carbon,  are 
capable  of  dissolving  an  additional  lb.  of  carbon,  makmg  48  lbs.  of 
carbome  oxuie  gas;  and  the  volumi)  of  this  gas  is  double  of  that  of 
the  carbonic  acid  gas  which  prodt^oes  it  In  this  case,  the  heat 
produced,  instead  of  being  that  du^  to  the  complete  combustion  of 

1  lb.  of  carbon,  or 149500 

&dls  to  the  amount  due  to  the  imperfect  combustion  of  2 

lbs.  of  carbon,  or , 2x4,400=  8,800 

Showing  a  loss  of  heat  to  the  amounij  of. 5,700 

which  disappears  in  volatilizmg  the  second  pound  of  carbon.   Should 
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the  prooeBS  stop  here,  as  it  does  in  fnmaces  ill  supplied  with  air, 
the  waste  of  fuel  is  very  great  But  when  the  4|  lbs.  of  carbonic 
oxide  gas,  containing  2  lbs.  of  cai*bon,  is  mixed  with  a  sufficient 
fnpply  of  fresh  air,  it  bums  with  a  blue  flame,  combining  with  an 
additional  2|  lb&  of  oxjgen,  making  7^  lbs.  of  ^carbonic  add  gas, 
and  giving  additional  heat  of  double  the  amount  due  to  the  com- 
bustion of  2^  lbs.  of  carbonic  oxide ;  that  is  to  say, 

10,100  X  2  =  20y200 

to  which  being  added  the  heat  produced  by  the  imperfect 
combustion  of  2  lbs.  of  carbon,  or 8,800 

there  is  obtained  the  heat  due  to  the  complete  combustion 

of  2  lbs.  of  carbon,  or 2  x  14,500  a  29,000 

If  the  total  heat  of  combustion  of  defiant  gas  be  compared  with 

that  of  its  constituents  taken  separately,  the  residt  is  as  follows : — 

6  6 

^  lb.  carbon;  14,500  x  ;; =  12,43© 

=  Ibt  hydrogen;  62,032  x  = ; =  8,862 


Total  heat  of  combustion  of  1  lb.  of  defiant  gas  as 
computed  by  adding  together  the  quantities  of 
heat  produced  by  the  combustion  ca  its  consti- 
tuents separately,  

Ab  found  b^  direct  experiment, •«/   21,344 


21,292 


Difference, 52 

Similar  comparisons,  for  other  hydrocarbons,  give  the  same  re- 
ndt  nearly,  though  not  exactly.  From  these  facts  it  is  concluded, 
that  the  toUd  heat  of  combustion  of  any  compound  of  hydrogen  and 
carbon  ts  nearly  the  eiMn  oftfie  quantitiee  of  heat  whuh  the  hydrogen 
and  carbon  contained  in  it  would  produce  eeparaldy  by  their  com- 
hustion,     (Marsh-gas  is  an  exception.) 

In  computing  by  this  rule  the  total  heat  of  combustion  of  a  com- 
pound, it  is  convenient  to  substitute  for  the  hydrogen  a  quantity  of 
carbon  which  would  give  the  same  quantity  of  heat;  and  this  is 
done  by  multiplying  the  weight  of  hydrogen  by 

14,500 

It  appears  from  experiments  by  Dulong,  by  Despretz,  and  by 
others,  that  in  computing  the  totied  heat  of  combustion  of  com- 
pounds containing  oxygen  as  well  as  hydrogen  and  carbon,  the 
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following  principle  is  to  be  observed : — Wlien  hydrogen  and  oxygen 
exist  in  a  compound  in  the  proper  proportion  to  form  waler  (that  is, 
by  weight,  veiy  nearly,  one  part  of  hydi-ogen  to  eight  of  oxygen), 
these  constituents  Jiave  no  effect  on  the  total  hoot  of  oombvation. 

It  follows,  that  if  hydrogen  exists  in  a  greater  proportion  than  is 
necessary  in  order  to  form  water  with  the  oxygen,  only  the  aurpltts 
of  hydrogen  above  that  which  is  required  by  the  oxygen  is  to  be 
taken  into  account. 

From  the  preceding  principles  is  deduced  the  following  general 
formula  for  the  total  heat  of  combustion  of  any  compound  of  which 
the  principal  constituents  are  carbon,  hydrogen,  and  oxygen: — 

I^t  C,  H,  and  O,  be  the  fractions  of  one  pound  of  the  compound 
which  consist  respectively  of  carbon,  hydrogen,  and  oxygen;  the 
remainder  being  nitrogen,  ash,  and  other  impurities. 

Let  h  be  the  total  heat  of  combustion  of  one  pound  of  the  com- 
pound, in  British  thermal  units.     Then 

A=14,50o|c  +  4-28  (h-|)  } (1.) 

Let  E  denote  the  theoretical  evaporative  power  of  one  pound  of  the 
compound,  in  pounds  of  water  evaporated  from  and  at  212^.    Then 

^-W6-''{''^'H^-l)} <2.) 

It  has  already  been  stated,  that  the  values  adopted  in  this  treatise 
for  the  total  heat  of  combustion  of  carbon  and  of  hydrogen  are  taken 
from  the  experiments  of  MM.  Favre  and  Silbermann. 

In  the  case  of  hydrogen,  the  results  of  these  experiments  agree 
very  closely  with  those  of  the  experiments  of  Dulong  {Comptee 
EenduB,  vol.  viL),  the  total  heat  of  combustion  of  one  pound  of 
hydrogen  being, 

According  to  Favre  and  Silbermann, 62,032  British  units. 

According  to  the  mean  of  Dulong*8  ex-  )  ^       ^ 
periments, /  ^*'530      „  „ 

In  the  case  of  carbon,  the  agreement  amongst  different  experi- 
menters is  less  close.  The  following  is  a  comparison  of  some  of 
the  results  given  by  them : — 

Dulong  (mean), 12,906 

Despret^ I4>040 

Favre  and  Silbermann, ^4)S^^ 

The  result  arrived  at  by  MM.  Favre  and  Silbermann  is  adopted 
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in  thiB  treatise,  because  of  the  great  delicacy  and  precision  of  tbe 
instruments  and  processes  hy  which  it  was  obtained,  and  because 
amongst  a  number  of  different  results  as  to  total  heat  of  com- 
bnstion,  the  highest  is  on  the  whole  the  most  likely  to  be  correct^ 
most  of  the  errors  being  caused  by  losses  of  heat. 

225.  wum4m  mmd.  ingrMUmitB  of  Faei. — ^The  ingredients  of  every 
kind  of  fuel  commonly  used  may  be  thus  classed : — 

(L)  Fixed  or  free  carbon,  which  is  left  in  the  form  of  charcoal  or 
coke  after  the  volatile  ingredients  of  the  fuel  have  been  distilled 
away.  This  ingredient  bums  either  wholly  in  the  solid  state,  or 
part  in  the  solid  state  and  part  in  the  gaseous  state,  the  latter  part 
being  first  dissolved  by  previously  formed  carbonic  acid,  as  already 
explained. 

(IL)  HydrocanhcfM^  sucb  as  olefiant  gas,  pitch,  tar,  naphtha,  &c., 
all  of  whidi  must  pass  into  the  gaseous  state  before  being  burned. 

K  mixed  on  their  first  issuing  from  amongst  the  burning  carbon 
with  a  large  quantity  of  air,  these  inflammable  gases  are  completely 
burned  with  a  transparent  blue  flame,  producing  carbonic  acid  and 
steam.  When  raised  to  a  red  heat,  or  thereabouts,  before  being 
mixed  with  a  sufficient  quantity  of  air  for  perfect  combustion,  they 
disengage  carbon  in  fine  powder,  and  pass  to  the  condition  partly 
of  manui  gas,  and  partly  of  free  hydrogen;  and  the  higher  the: 
temperature,  the  greater  is  the  proportion  of  carbon  thus  disen* 

gagwi 

If  the  disengaged  carbon  is  cooled  below  the  temperature  of 
ignition  before  coming  in  contact  with  oxygen,  it  constitutes,  while; 
floating  in  the  gas,  smoke,  and  when  deposited  on  solid  bodies,  soot.. 

But  if  the  disengaged  carbon  is  maintained  at  the  temperature 
of  ignition,  and  supplied  with  oxygen  sufficient  for  its  combustion,, 
it  bums  while  floating  in  the  ii^mmable  gas,  and  forms  red, 
YELLOW,  or  WHITE  FLAME.  The  flame  from  fuel  is  the  larger,  the* 
more  slowly  its  combustion  is  effected. 

(IIL)  Oxygen  and  hydrogen  either  actually  forming  water,  or 
existing  in  combination  with  the  other  constituents  in  the  proper^ 
tions  which  form  water.  According  to  a  principle  already  stated, 
such  quantities  of  oxygen  and  hydrogen  are  to  be  left  out  of  account 
in  determining  the  heat  generated  by  the  combustion.  If  the 
quantity  of  water  actually  or  virtually  present  in  each  pound  of 
fiiel  is  so  great  as  to  make  its  latent  heat  of  evaporation  worth 
considering,  that  heat  is  to  be  deducted  from  the  total  heat  of  com-- 
bustion  of  the  fiieL 

The  presence  of  water,  or  its  constituents,  in  fuel,  promotes  the- 
formation  of  smoke,  or  of  the  carbonaceous  flame,  which  is  ignited 
smoke,  as  the  case  may  be,  probably  by  mechanically  sweeping 
along  fine  particles  of  carbon. 
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(IV.)  Nit/rogeriy  either  free  or  in  combiDation  wilii  other  oonsti- 
taent&     This  substanoe  is  simply  inert 

(Y.)  Sulphuret  of  iron,  which  exists  in  coaJ,  and  is  detrimental, 
as  tending  to  cause  spontaneous  combustion. 

(YL)  Other  mineml  compounds  of  various  kinds,  which  are  also 
inert,  and  form  the  ash  left  after  complete  combustion  of  the  fuel, 
and  also  the  clinker,  or  glassj  material  produced  by  fusion  of  the 
ash,  which  tends  to  choke  the  grate. 

226.  Kind*  of  FneL — The  kinds  of  fuel  in  common  use  may  be 
thus  classed:—!  Charcoal j  IL  Coke;  IIT.  Coal;  IV.  Peat; 
V.  Wood. 

I.  Charcoal  is  made  by  evaporating  the  volatile  constituents  of 
wood  and  peat,  either  by  a  partial  combustion  of  a  conical  heap  of 
the  material  to  be  charred,  covei-ed  with  a  layer  of  earth,  or  by  the 
combustion  of  a  separate  portion  of  fuel  in  a  furnace,  in  which  are 
placed  retorts  containing  the  material  to  be  chaiTed. 

According  to  Pedet,  100  parts  by  weight  of  wood  when  charred 
in  a  heap,  yield  from  17  to  22  parts  by  weight  of  charcoal,  and 
when  charred  in  a  retort,  from  2S  to  30  parts. 

This  has  reference  to  the  ordinary  condition  of  the  wood  used  in 
charcoal  making,  in  which  25  parts  in  100  consist  of  moisture.  Of 
the  remaining  75  parts,  the  carbon  amounts  to  one-half,  or  37^  per 
cent  of  the  gross  weight  of  the  wood.  Hence  it  appears  that  on 
an  average  nearly  half  of  the  carbon  in  the  wood  is  lost  during  the 
partial  combustion  in  a  heap,  and  about  one  quarter  during  the 
distillation  in  a  retort. 

To  char  100  parts  by  weight  of  wood  in  a  retort,  12J  ports  of 
wood  must  be  burned  in  a  furnace.  Hence  in  this  process,  the 
whole  expenditure  of  wood  to  produce  from  28  to  30  parts  of  char- 
coal, is  112^  parts;  so  that  if  the  weight  of  charcoal  obtained  is 
compared  with  the  whole  weight  of  wood  expended,  its  amount  is 
from  25  to  27  per  cent.;  and  the  proportion  of  carbon  lost  is  on  an 
average  llJ-r37i  =  0-3  nearly. 

According  to  Peclet,  good  wood  charcoal  contains  about  0*07  of 
its  weight  of  ash.  The  proportion  of  ash  in  peat  charcoal  is  very 
variable,  and  is  estimated  on  an  average  at  about  0*18. 

II.  Coke  is  the  solid  material  left  after  evaporating  the  volatile 
ingredients  of  coal,  either  by  means  of  partial  combustion  in  furnaces 
ealled  coke  ovens^  or  by  distillation  in  the  retorts  of  gas  works. 

Coke  made  in  ovens  is  preferred  to  gas  coke  as  fuel.  It  is  of  a 
dark  grey  colour,  with  slightly  metallic  lustre,  porous,  brittle,  and 
liard. 

The  proportion  of  coke  yielded  by  a  given  weight  of  coal  is  very 
different  for  different  kinds  of  coal,  ranging  from  0*9  to  0*35. 
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Coke  contains  from  0*06  to  0*18  of  its  weight  of  ash,  the  re- 
mainder being  carbon. 

Being  of  a  porous  textare,  it  readily  attracts  and  retains  water 
from  the  atmosphere;  and  sometimes^  if  it  is  kept  without  proper 
shelter,  from  0-15  to  0-20  of  its  gross  weight  consists  of  moisture. 

IIL  Co(d. — The  extreme  differences  in  the  chemical  composition 
and  properties  of  different  kinds  of  coal  are  very  great;  but  the 
number  of  those  kinds  is  very  great,  and  the  gradations  of  their 
differences  are  small. 

.  The  proportion  of  free  carbon  in  coal  ranges  from  30  to  93  per 
cent.;  that  of  hydrocarbons  of  various  kinds  from  5  to  58  per 
cent ;  that  of  water,  or  oxygen  and  hydrogen  in  the  proportions 
which  form  water,  from  an  inappreciably  small  quantity  to  27  per 
cent. ;  that  of  ash,  from  1^  to  26  per  cent 

The  numerous  varieties  of  coal  may  be  divided  into  principal 
classes  as  follows : — 

1.  Anthracite  or  blind  coaL 
.  2.  Dry  bituminous  ooaL 

3.  Caking  coaL 

4.  Long  flaming  or  cannel  coaL 

5.  Lignite  or  brown  coaL 

(1.)  Anthracite  or  blind  coal  consists  almost  entirely  of  free 
carbon.  It  has  a  colour  intermediate  between  jet  black  and  the 
greyish-black  of  phunbago,  and  a  lustre  approaching  to  metallic. 

Its  specific  gravity  is  from  1*4  to  1-6,  that  of  water  being  h 

It  bums  without  smoke,  and,  when  dry,  without  flame  sdso;  but 
the  presence  of  moisture  in  it  produces  small  yellowish  flames,  in 
the  manner  explained  in  Article  225. 

It  requires  a  high  temperature,  and  in  general  a  blast  produced  by 
mechanism,  for  its  combustion.  If  suddenly  heated,  it  splits  into 
small  pieces,  which  are  liable  to  fall  through  the  grate  bars  of  the 
furnace  and  be  lost.  In  furnaces  where  it  is  used,  therefore,  each 
fresh  portion  should  be  gradually  heated  before  being  ignited. 

(2.)  Dry  bituminous  coal  contains  on  an  average  from  70  to  80 
per  cent  of  free  carbon,  about  5  per  cent  of  hydrogen,  and  4  per 
cent  of  oxygen;  so  that  4J  per  cent  of  hydrogen  is  available  to 
produce  heat  This  hydi'ogen  exists  in  combination  with  part  of 
the  carbon.  Such  coal  bums  with  a  moderate  amount  of  flame, 
and  little  or  no  smoke.  Its  average  specific  gravity  is  about 
1-3. 

(3.)  Bituminotis  oaking  coal  contains  on  an  average  from  50  to  60 
per  cent  of  free  carbon,  and  about  equal  weights  of  hydrogen  and 
oxygen,  amounting  to  from  10  to  12  per  cent,  of  its  weight  It 
softens  when  exposed  to  heat,  and  pieces  of  it  adhere  together.  It 
produces  more  flame  than  dry  bit^'min^ns  coal,  and  also  produces 


276  STEAM  AKD  OTHEA  HEAT  EKQINES. 

smoke,  unless  that  is  prevented  bj  special  means.  Its  average 
specific  gravity  is  about  1*25. 

(4.)  Long  jCcLfning  coal  differs  from  the  last  variety  dhieflj  in  con- 
taining more  oxygen.  In  some  examples  it  softens  and  cakes  in 
the  fire;  in  others  not.  It  requires  special  means  for  the  preven- 
tion of  smoke. 

(5.)  Brown  coal,  or  lignite,  is  found  in  mo^e  recent  strata  than 
any  of  the  preceding  kinds.  It  is  intermediate  in  appearance  and 
properties  between  them  and  peat.  It  contains  on  an  average  from 
27  to  50  per  cent,  of  free  carbon,  about  5  per  cent,  of  hydrogen, 
and  20  per  cent  of  oxygen.   Its  specific  gravity  is  from  1  *20  to  1  -25. 

With  respect  to  ^e  different  kinds  of  coal,  M.  Pedet  makes 
a  remark  to  the  effect,  that  the  caking  bituminous  coals  pass 
to  the  dry  coals  and  to  anthracite  by  diminution  of  their  oxygen 
and  hydrogen,  and  to  the  long  flaming  coals  and  lignites  by  the 
augmentation  of  their  oxygen. 

From  the  specific  gravities  already  stated,  it  appears  that  a  cubic 
foot  of  solid  coal  weighs  from  70  to  90  lbs. ;  but  coal  in  pieces, 
such  as  are  commonly  used  for  feeding  furnaces,  including  the 
spaces  between  the  pieces,  occupies  from  liV  to  liV  times  the  space 
that  the  same  coal  fills  in  a  continuous  mass;  so  that  the  average 
weight  of  coab,  including  the  space  between  l^e  pieces,  is  about  52 
lbs.  per  cubic  foot.  In  a  few  examples  it  is  as  high  as  56  or  60  lbs. 
to  the  cubic  foot. 

rV.  Feat,  or  turf,  as  usually  dried  in  the  air,  contains  from  25  to 
30  per  cent,  of  water,  which  must  be  allowed  for  in  estimating  its 
heat  of  combustion.  This  water  having  been  evaporated,  the 
analysis  of  M.  Begnault  gives,  in  100  parts  of  perfectly  dry  peat  of 
the  best  quality — 

Carbon, 58 

Hydrogen, 6 

Oxygen, 31 

Ash, 5 

100 

In  some  other  examples  of  peat,  the  quantity  of  ash  is  greater, 
amounting  to  7  and  sometimes  to  11  per  cent. 

The  specific  gravity  of  peat  in  its  ordinary  state  is  about  0*4  or 
0*5.    It  can  be  compressed  by  machineiy  to  a  much  greater  density. 

Y.  Wood,  when  newly  felled,  contains  a  proportion  of  moisture 
which  vaiies  very  much  in  different  kinds  and  in  different  speci- 
mens, ranging  between  30  and  50  per  cent,  and  being  on  an 
average  about  40  per  cent  After  eight  or  twelve  months'  ordinary 
diying  in  the  air,  the  proportion  of  moisture  is  from  20  to  25  per 
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cent  This  degree  of  dryness,  or  almost  perfect  dryness  if  required, 
can  be  produced  by  a  few  days'  drying  in  an  oven  supplied  with  air 
at  about  240"  Fahrenheit  When  coal  or  coke  is  used  as  the  fuel 
for  that  oven,  1  lb.  of  fuel  suffices  to  expel  about  3  lbs.  of  moisture 
from  the  wood.  This  is  the  result  of  experiments  on  a  large  scale 
by  Mr.  J.  R.  Napier.  If  air-dried  wood  were  used  as  fuel  for  the 
OYen,  from  2  to  2^  Iba  of  wood  would  probably  be  required  to 
produce  the  same  effect 

The  specific  gravity  of  different  kinds  of  wood  ranges  from  0*3 
to  1-2. 

Perfectly  dry  wood  contains  about  50  per  cent,  of  carbon,  the 
remainder  consisting  almost  entirely  of  oxygen  and  hydrogen  in  the 
proportions  which  form  water.  The  coniferous  family  contain  a 
small  quantity  of  turpentine,  which  is  a  hydrocarbon.  The  pro- 
portion of  ash  in  wood  is  ^m  1  to  5  per  cent  The  total  heat  of 
combustion  of  all  kinds  of  wood,  when  dry,  is  almost  exactly  the 
same,  and  is  that  due  to  the  oO  per  cent  of  carbon. 

227.  The  T«cai  K««t  of  €«Mbn«ci«a  of  fuel  is  computed  from  its 
chemical  composition,  according  to  the  principles  explained  in 
Articles  223,  224,  and  225.  The  following  table  gives  the  results 
of  such  computations,  founded  chiefly  on  ^e  analyses  of  M.  Reg- 
nault,  Dr.  Playfair,  and  Professor  Bichardson.  The  numerous 
kinds  of  fuel  of  which  analyses  have  appeared  have  been  classed  in 
groups,  and  the  average  chemical  composition  of  each  group  com- 
puted. By  this  process  have  been  obtained  the  proportions  of 
carbon,  hydrogen,  and  oxygen,  given  in  the  columns  h^ided  C,  H, 
and  O,  respectively. 

The  column  headed  C  shows  the  weight  of  pure  carbon  whose 
total  heat  of  combustion  would  be  the  same  with  that  of  the  fiiel, 
as  given  by  the  formula 


a  =  C  +  4-28 


(=-^)- 


E  =  15  CT  is  the  theoretical  evaporative  power  in  pounds  of  water 
supplied  and  evaporated  at  212^  by  one  pound  of  fuel 

k  =  14500  C  is  the  total  heat  of  combustion  in  pounds  of  water 
raised  one  degree  of  Fahrenheit  Each  kind  of  fuel  is  supposed  to 
be  perfectly  dry,  unless  otherwise  specified. 

With  respect  to  the  examples  of  coal  given  in  the  following  table, 
it  is  to  be  observed  that  they  are  all  of  good  quality,  as  it  has  never 
been  the  practice  to  submit  bad  coals  to  chemists  for  analysia  It 
may  be  estimated  that  the  total  heat  of  combustion  of  the  worst  coal 
in  a  given  coal  field  is  about  two-thirds  of  that  of  the  best,  the  differ* 
ence  arising  chiefly  from  the  proportion  of  earthy  matter. 
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Table  op  the  Total  Heat  op  Combustion  op  Fuel. 


Fuel. 

C. 

H. 

0. 

C. 

E. 

k 

L  Chakooal —  ) 
from  wood,  J 

0-93 

0-93 

14 

13500 

„    from  peat, 

o-8o 

12 

1 1600  • 

II.  Coke— good,. ^ 

0-94 

0-94 

U 

13620 

^,  middling, 

0-88 

0-88 

i3-a 

12760 

„  ba^, 

0-82 

0-82 

12-3 

1 1890 

IIL  Coal— 

1.  Anthracite,... 

0-915 

0-035 

0-026 

1-05 

15-75 

15225 

2.  Diy   bitu-  ) 
minous,....  j 

0-90 

0-04 

0-02 

I -06 

15-9 

15370 

3.     „        „ 

0-87 

0-04 

0-03 

1-025 

15-4 

14860 

4.     „        „ 

o-8o 

0-054 

o-oi6 

I -02 

15-3 

14790 

5-      w          w 

0-77 

0-05 

o-o6 

0-95 

U-25 

13775 

6.  Cakiner, 

0-88 

0-052 
0-052 
0-056 

0-052 

0-054 

0-04 

o-o8 

1-075 
I -01 

16-0 

15837 
14645 

15080 

13^95 

o-8i 

15-15 

15-6 
13-65 

••               99          ••••••••• 

8.  Cannel, 

0-84 
0-77 

1-04 
0-91 

9.  Dry    long ) 
flaming,....  J 

0-15 

10.  Lignite, 

0-70 

0-05 

0-20 

o-8i 

12-15 

"745 

iV.  Peat— dry,... 

0-58 

o-o6 

031 

0-66 

1 0-0 

9660 

„  contain- 1 

ing  25  per  c.  > 

7*5 

7000 

moisture, ...  J 

V.  Wooi>— dry,... 

0-50 

0-50 

7-5 

7245 

„  contain-^ 

ing20perc.  > 

5-8 

5600 

moisture, ...  j 

VI.MTirERALOlL — 

from 0-84 

o-i6 

0 

152 

227 

21930  . 

to 

085 

0-I5 

0 

1-49 

2a*5 

21735    ! 

(See  Journal  of  the  United  Servioe  Institution^  vol.  xi,  1867.) 

22s.  RadtetioB  ftmm  FneL — The  proportion  which  the  heat 
radiated  from  incandescent  fuel  bears  to  the  total  heat  of  combus- 
tion has  been  detei-mined  for  some  kinds  of  fuel  by  the  ezpeiimenti 
of  M.  Peclet,  "with  the  following  results: — 

From  wood, 0-29 

From  charcoal  and  peat, 0-5 
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From  coal  and  coke  M.  Peclet  considers  that  the  radiation  must 
be  greater  than  from  charcoal^  although  he  has  not  ascertained  it 
precisely. 

The  practical  conclusion  to  be  drawn  from  this  fact  is^  that  the 
radiation  from  the  fuel  in  the  furnace  of  a  heat  engine  ought  to  be 
carefully  inteix^pted  in  every  dii^cction,  in  such  a  manner  that  the 
heat  diffused  by  it  may  be  communicated  either  directly  or  indi- 
rectly to  the  substance  to  be  heated.  The  means  used  for  effecting 
this  are  various.  One  of  the  simplest  is  to  have  the  furnace  wholly 
contained  in  a  flue  or  fire  box  inside  the  boiler.  Another  is,  to 
snrroimd  all  those  parts  of  the  furnace  whose  radiation  is  not 
directly  intercepted  by  the  boiler,  with  brickwork  so  thick  as  not 
to  admit  of  any  material  loss  of  heat  by  conduction.  The  resistance 
to  conduction  is  greatly  increased  by  having  two,  or  three,  successive 
layers  of  brickwork  with  air  spaces  between,  such  spaces  being 
completely  closed,  in  order  that  the  air  in  them  may  not  circulate. 
Two  such  layers  of  fire-brick,  the  inner  9  inches  thick,  the  outer  4^, 
with  an  air  space  3  inches  thick  between  them,  have  been  found 
to  answer  in  practice.  The  great  resistance  of  this  coating  to  the 
transmission  of  heat  causes  the  inner  surface  of  the  inner  layer, 
which  directly  receives  the  radiation  of  the  fire,  to  rise  to  a  white 
heat,  or  nearly  so,  and  almost  the  whole  of  the  heat  which  it 
receives  is,  because  of  that  high  temperature  and  the  rapid  circula- 
tion of  the  furnace  gases  over  it,  carried  off  by  those  gases,  and 
made  available  for  communication  to  the  boiler. 

The  heat  which  is  radiated  down  between  the  grate  bars  is 
intercepted  by  the  sides  and  floor  of  the  ash  pit,  and  carried  back 
to  the  furnace  by  the  air  which  enters  through  the  ash  pit. 

To  prevent  loss  by  radiation  and  conduction  through  the  fiimace 
door,  the  simplest  plan  is  that  used  by  Mr.  Williams  and  others,  of 
making  it  of  two  layers  of  cast  iron  plates,  with  an  air  space 
between.  The  plates  are  usually  perforated  with  small  holes  for 
the  admission  of  air  to  bum  the  gaseous  ingredients  of  fuel,  and 
care  is  to  be  taken  to  place  no  two  of  those  holes  opposite  each 
other.  Thus  the  heat  which  is  radiated  throu^  the  noles  in  the 
inner  plate  is  intercepted  by  the  outer  plate.  The  greater  part  of 
the  heat  thus  received  by  the  plates  is  carried  back  into  the  furnace 
by  the  entering  stream  of  air.  To  intercept  the  heat  and  give  it 
out  to  the  entering  air  more  completely,  a  series  of  sheets  of  wire 
gauze  have  sometimes  been  inten)osed  between  the  outer  and  inner 
surfaces  of  a  perforated  furnace  door. 

The  most  complete  apparatus  for  intercepting  the  heat  radiated 
to  the  furnace  door  is  that  of  Mr.  Prideaux,  which  consists  of  three 
gratings,  each  made  of  a  series  of  thin  iron  plates  set  edgeways,  with 
narrow  passages  between  them  for  the  entering  stream  of  air.    The 
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radiant  heat  is  oompletelj  intercepted  by  placing  two  of  those  sets 
of  plates  with  opposite  obliquities^  and  uie  thud  parallel  to  the 
sides  of  the  furnace  mouth-piece. 

229.  Air  ve««iMdl  f«r  CMibattlMi  mmA  ^OwMmm. — ^The  number  of 
poimds  of  air  required  in  order  to  supply  the  oxygen  necessary  for 
the  combustion  of  one  pound  of  any  sort  of  fuel  whose  chemical 
composition  is  known,  may  be  computed  by  the  aid  of  the  data 
given  in  Article  223,  at  the  foot  of  page  269. 

To  express  that  weight  symbolically,  let  it  be  denoted  by  A ; 
then,  0,  H,  and  O,  having  the  same  meanings  as  before, 


A  =  12C  +  36(h-^) (1.) 


The  following  are  a  few  of  the  results : — 


Fuel. 

L  CHARCOAL—from  wood,... 

„            from  peat, 

II.  Coke — good, 

C. 

0-93 

o-8o 

0-94 

0-915 

0-87 

0-85 

07s 
0-84 
077 
0-70 
0-58 
0-50 
0-85 

H. 

0-035 

0-05 

0-05 

0-05 

0-06 

0-05 

0-05 

0-06 

o-is 

0. 

0-026 

0-04 

0-06 

0-05 

0-08 

0-15 

0*20 

0-31 

0 

A. 

ii-i6 

II -28 

Ill  Coal — anthracite, 

12-13 

12-06 

"73 
10-58 
11-88 
10-32 
9.30 
7-68 

0*00 
15-65 

„        dry  bituminous, 
cakinfir. 

cannel 

„       dry  long  flamhig, 
liimite 

^»»                   *Ag*i»«^, 

IV.  Peat — dry, 

V.  Wood— dry, 

"VT.  Mineral  Oil, 

It  is  unnecessaiy  for  practical  purposes  to  compute  the  air 
anequired  for  the  combustion  of  fuel  to  a  great  degree  of  exactness; 
and  no  material  error  is  produced  if  the  air  required  for  the  com- 
I)U8tion  of  every  kind  of  coal  and  coke  used  for  furnaces  is  estimated 
at  twdve  pounds  per  pound  of/ueL 

Besides  the  air  required  to  furnish  the  oxygen  necessary  for  the 
complete  combustion  of  the  fuel,  it  is  also  necessary  to  furnish  an 
additional  quantity  of  air  for  the  dUidion  of  the  gaseous  products 
of  combustion,  which  would  otherwise  prevent  the  free  access  of  air 
to  the  fuel 

The  more  minute  the  division,  and  the  greater  the  velocity  with 
which  the  air  rushes  amongst  the  fuel,  the  smaller  is  the  additional 
quantity  of  air  required  for  dilution. 

From   various    experiments,    especially   those    made    for    the 
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American  goyemment  by  Mr.  Johnson,  it  appears  tliat  in  ordinary 
boiler  fumaoeSy  where  the  draught  is  produced  by  means  of  a 
ehimney,  the  weight  of  air  required  for  dilution  is  equal  to  that 
squired  for  combustion;  so  that  if  A!  denotes  the  total  weight  of 
ur  to  be  supplied  to  the  furnace  per  lb.  of  f uel, 

A'-  2  A  =  24  lbs.  nearly (2.) 

But  in  furnaces  where  the  draught  is  produced  by  means  of  a 
>last  pipe,  like  those  of  locomotive  engines,  or  by  means  of  a  fan, 
lie  quantity  of  air  required  for  dilution,  although  it  has  not  yet 
)een  exactly  ascertained,  is  certainly  much  less  than  that  which  is 
"equired  in  furnaces  with  chimney  draughts;  and  there  is  reason 
10  believe  that  on  an  average  it  may  be  estimated  at  about  one-half 
>f  the  air  required  for  combustion ;  so  that  in  this  case, 

A'  =  I A  =  18  lbs.  nearly (3.) 

This  estimate  is  roughly  made;  but  it  is  the  nearest  approxima- 
ion  at  present  attainable.  It  is  probable  that  the  supply  of  air 
:equired  for  dilution  varies  considerably  in  different  arrangements 
)f  furnace,  and  for  different  kinds  of  fuel;  and  it  is  possible,  that 
yj  blowing  the  air  for  combustion  into  a  furnace  in  small  enough 
lets,  and  with  sufficient  force,  air  for  dilution  might  be  rendered 
umecessary,  so  that  A'  would  be  =  A. 

An  insufficient  supply  of  air  causes  imperfect  combustion  of  the 
fbel,  which  in  bituminous  coal  is  indicated  by  the  production  of 
smoke,  and  in  coke  and  blind  coal  by  the  discharge  of  carbonio 
Dxide  gas  from  the  chimney.  That  gas  is  transparent  and  in- 
nsible;  but  its  presence  may  be  detected  by  the  blue  or  purple 
Same  with  which  it  bums  when  ignited  in  contact  with  firesh  air. 

An  excessive  supply  of  air  causes  waste  of  heat  to  the  amount 
X)nesponding  to  the  weight  of  air  in  excess  of  that  which  is 
necessaiy,  and  to  the  elevation  of  the  temperature  at  which  it  is 
discharged  from  the  chimney  above  that  of  the  external  air. 

230.  i»tatHkattoB  of  Fnoi  •■«  Air. — In  burning  charcoal,  coke, 
md  coals  which  contain  a  small  proportion  only  of  hydrocarbons,  a 
mpply  of  air  sufficient  for  complete  combustion  will  enter  from 
the  ash  pit  through  the  bars  of  the  grate,  provided  there  is  a  suffi- 
cient diaught,  and  that  care  is  taken  to  distribute  the  fresh  fuel 
erenly  over  the  fire,  and  in  moderate  quantities  at  a  time,  so  that 
the  thickness  of  the  layer  of  burning  fuel  shall  never  differ  much 
&om  ten  or  twelve  inches. 

To  insure  the  complete  combustion  of  highly  bituminous  coal, 
other  means  have  to  be  adopted.     That  invented  by  Watt  was  the 
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Vie  of  ft  dead  pUOe;  thai  Is,  ft  hotiamiil  or  idi^tljr  indhifd  pb 
ftt  the  month  of  the  ivaroace^  without  pedbntioiis,  on  whkh  ea 
frr^h  chftTge  of  coal  ia  laid,  until  the  hjdrocarbona  are  volatiliz 
and  expelled  hj  the  ladiant  heat  of  the  fiie.  The  Isjer  of  bnmi] 
fuel  on  the  grate  heing  thin  at  the  time  when  a  fresh  charge 
needed,  more  air  passes  through  it  from  the  ash  pit  l^ian  is  nec< 
sanr  for  its  own  combustion,  and  the  sorplns  serves  to  bnm  ti 
inflammable  gas  as  it  passes  above  the  grate.  When  the  ooal  < 
tlie  dead  plate  has  been  reduced  to  coke,  it  is  poshed  inwards  ai 
sfiread  over  the  fire.  The  success  of  this  procesB  depends  who! 
on  the  care  and  skill  of  the  fireman.  It  is  useful  not  only  to  \n 
mote  complete  combustion,  but  to  prevent  the  clogging  of  the  La 
by  caking  coaL 

In  burning  anthracite,  a  dead  plate  is  useful  for  a  dififere 
inirpoM,  riz.,  to  heat  the  fuel  graduaUy;  because  sudden  heatii 
makes  it  fly  into  small  pieces,  which  ^p  through  the  bars  in 
the  ash  pit,  and  are  partly  wasted. 

In  tho  double  furnace  with  alternate  firing,  introduced  by  31 
Fairbaim,  the  gas  distilled  from  the  fresh  fu^  in  one  of  a  pair  < 
furnaces  is  burned  by  the  excess  of  air  which  passes  through  tl 
red  coke  on  the  grate  of  the  other  furnace. 

Anothei*  mode  of  insuring  the  complete  combustion  of  tl 
volatile  parts  of  the  coal  is  one  of  which  various  forms  ha'v 
been  invented  by  Mr.  0.  W.  Williams,  Mr.  Prideaux,  Mr.  Clarl 
and  others,  and  consists  in  admitting  air  above  the  fuel  to  bum  th 
gas,  and  hdow  it  to  bum  the  coke. 

Mr.  Williams  admits  air  at  a  constant  rate  through  perforation 
in  a  double  door  and  double  front.  In  the  latest  practical  examples 
tho  total  area  of  these  perforations  is  ^  of  the  area  of  the  grat< 
when  25  lbs.  of  coal  are  bumed  per  hour  on  the  square  foot  c 
grate ;  that  is,  when  the  area  of  the  grate  in  square  feet  is  rr  <3 
tho  number  of  lbs.  of  coal  bumed  per  hour,  the  joint  area  of  tL 
air  holes  is  ^  of  the  same  number. 

Mr.  Prideaux  uses  a  self-acting  apparatus  for  the  admission  o 
air,  like  a  Venetian  blind,  which  is  opened  when  fresh  coal  i 
supplied,  and  which  gradually  closes  as  the  gas  of  the  fresh  fue 
becomes  exhausted.  The  object  of  this  is  to  supply  enough  of  aii 
at  the  time  when  it  is  needed,  and  to  prevent  an  excessive  supph 
at  other  times.  Mr.  D.  K.  Clark,  by  steam  jets,  blows  in  jets  oJ 
air  through  holes  immediately  above  the  fuel 

According  to  a  method  which  seems  to  have  been  first  used  in 
America,  a  fan  blower  blows  air  through  two  sets  of  nozzles,  one 
opening  into  the  ash  pit,  which  is  closed  in  front,  and  the  otbei 
into  tho  fumace,  immediately  above  the  fuel. 

Mr.  Gktrman  opens  and  closes  the  front  of  the  adi  pit»  and  Um 
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air  holes  in  the  front  of  the  furnaces^  alternately,  so  tliat  the  com- 
bustion of  the  gas  from  the  fresh  fuel,  and  of  the  coke  left  after  its 
expulsion,  take  place  alternately. 

Dr.  Marsh  supplies  the  whole  of  the  air  for  burning  the  coke  b» 
trell  as  the  gas,  by  jets  directed  downwards  on  the  fuel  from  above. 

Incomplete  combustion  of  fuel  is  often  caused  by  the  chilling 
ind  extinguishing  of  flame  througb  contact  with  the  surface  of  the 
boiler,  before  the  combustion  is  completed.  This  is  in  some 
furnaces  prevented  by  completing  the  combustion  in  fire-brick 
chambers  or  passages.  For  example,  in  the  furnaces  introduced 
by  Messrs.  Charles  Tennant  &  Company,  the  combustion  is  com- 
pleted in  an  arched  brick  oven  or  reverberatory  furnace,  before  the 
hot  gas  comes  in  contact  with  any  part  of  the  boiler.  The  sides 
uid  roof  of  that  oven  consist  of  two  layers  of  fire-brick  with  a 
closed  air  space  between,  as  already  described  in  Article  228. 

In  many  furnaces  the  principles  of  the  various  contrivances 
bcforementioned  are  combined;  thus  double  furnaces  are  used 
with  air  holes  in  the  front,  and  with  fire-brick  combustion  cham- 
bers. The  coal  burning  locomotive  fnmaces  of  various  inventors 
iie  of  this  class.  Various  furnaces  have  been  used,  such  as 
Jnckes's,  in  which  the  fuel  is  supplied  at  an  uniform  rate  by 
mechaniBm. 

In  the  apparatus  known  by  the  name  of  the  "  Syst^me  Beau- 
fmn^,"  a  partial  combustion  of  the  fuel  is  effected  in  a  furnace 
Burrounded  by  a  water  chamber,  and  supplied  by  a  fan  with  just 
enough  of  air  to  form  carbonic  oxide  with  the  whole  of  the  free 
carbon,  and  volatilize  the  whole  of  the  hydrocarbons,  so  that  the 
^hole  of  the  fuel  is  gasefied  except  the  ash.  The  mixture  of  car- 
bonic oxide  and  hydrocarbon  gases  thus  produced  is  conducted  by 
a  pipe  to  a  combustion  chamber,  where,  by  the  introduction  of  jets 
of  air  of  sufficient  volume,  it  is  completely  burned. 

If  smoke  is  mixed  with  carbonic  acid  gas  at  a  red  heat,  the  solid 
carbonaceous  particles  are  dissolved  in  the  gas,  and  carbonic  oxide 
is  produced.  This  is  the  mode  of  operation  of  contrivances  for 
destroying  smoke  by  keeping  it  at  a  high  temperature,  without 
providing  a  sufficient  supply  of  air;  and  the  result  is  a  waste, 
instead  of  a  saving  of  fuel. 

The  details  of  the  construction  of  various  furnaces  will  be  further 
considered  in  a  subsequent  chapter. 

231.  Tmmptsmtmrm  of  Firci — By  the  temperature  of  the  fire  is  her© 
understood  the  temperature  of  the  products  of  combustion,  and  the 
air  with  which  they  are  mixed,  at  the  instant  that  the  combustion 
13  complete.  The  elevation  of  that  temperature  above  the  tempera- 
ture at  which  the  air  and  fuel  are  supplied  to  the  furnace  may  be 
computed,  by  dividing  the  total  heat  of  combustion  of  one  lb.  of 
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fael  by  the  weight  and  bjr  the  mean  specific  heat  of  the  wKol 
products  of  its  combustion,  and  of  the  air  emplojed  for  thej 
dtlutioni  under  constant  pressure. 
The  specific  heat,  under  constant  pressure, 

Of  carbonic  acid  gas  is 0-217 

Of  steam, 0-475 

Of  nitrogen  (probably), 0*245 

Of  air, 0-238 

Of  ashes,  probably  about 0*200 

By  using  these  data,  the  following  results  are  obtained  for  tb 
two  extreme  cases  of  pure  carbon  and  d^uxtd  ga*^  burned  respec 
tively  inair:* — 

Pnel, CA«Boir.  OuefiaxtGas. 

Total  heat  of  combustion  per  lb., i4f5oo  21,300 

Weight  of  products  of  combustion  in  )  i  ^  lbs  i6-a^  lbs 

air,  undiluted, j  ^       '  43       • 

Their  mean  specific  heat, 0*237  0-257 

Specific  heat  x  weight, 3*08  4*22 

Elevation  of  temperature  if  undiluted,  4580^  5050^ 

Ifd\l\jiUd  with  airss-^  <dr/or  cambtution — 

Weight  per  lb.  of  fuel, •  19  24*2 

Mean  specific  heat, 0*237         0-25 

Specific  heat  x  weight, 4*51           6*06 

Elevation  of  temperature, 3215°  3515^ 

^fdihUed  toUh  air  =  air  far  cofnbutHan — 

Weight  per  lb.  of  fuel, 25  31*86 

Mean  specific  heat, 0-238         0*248 

Soedfic  heat  x  weight, 5*94           7*9 

Mevation  of  temperature, 2440"  2710^ 

It  appears  from  these  calculations  that  the  mean  specific  heat  at 
the  products  of  combustion  of  furnaces  differs  very  little  firom  that 
of  air  when  they  are  undiluted,  and  still  less  when  they  are  diluted 
with  air. 

S32.  Bate  mf  Cmmhmmi»wL, — ^The  weight  of  fuel  which  can  be 
burned  in  a  given  time  in  a  given  furnace  depends  on  the  draugK 
or  quantity  of  air,  which  is  made  to  pass  through  that  furnace  in  a 
given  time,  and  may  be  computed  by  dividing  the  weight  of  that 

*  TheM  oJcaUdons  ara  made  acoordlng  to  the  same  principles  with  those  of 
Mr.  Frldeaux  ia  his  treatise  on  Economy  ^  f^  Section  VI.;  hut  there  an  bobm 
diiferences  In  the  data,  especially  as  to  the  spedfie  heat  of  staam,  which  lesd  to 
dlHerencee  (though  not  great  ones)  in  the  nwiMrical  lesnlts. 
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or  by  the  proportion  which  that  weight  bears  to  the  weight  of  fuel 
which  it  can  completely  bum,  according  to  the  principles  of  Article 
129, 

The  rate  of  combustion  of  coal  in  a  furnace  is  usually  stated  in 
winds  per  hcwr^  burned  on  each  sqtuxre  foot  o/grcUe,  The  follow- 
ing are  examples : — 

L  With  Chihket  Dbaught. 

Lbflu  per 

•()uare  Toot 

per  hour. 

1.  The  slowest  rate  of  combustion  in  Cornish  boilers,  4 

2.  Oxdinaiy  rate  in  these  boilers, io 

3.  Ordinary  rates  in  factory  boilers, T2  to  i6 

4.  Ordinary  rates  in  marine  boilers, i6  to  24 

5.  Quickest  rates  of  complete  combustion  of  dry  ] 

coal,  the  supply  of  air  coming  through  the  >    20  to  23 

grate  only, ) 

6b  Quickest  rates  of  complete  combustion  of  cak-  \ 

ing  coal,  with  air  holes  above  the  fuel  to  the  >    24  to  27 
extent  of  ^  area  of  grate, ) 

H.  With  Draught  Produced  by  Blast  Pipe  or  Fan. 
7.  Locomotives, 40  to  120 

233.  ]H«asiic  of  Fmnmccs.  —  The  draught  of  a  furnace,  or 
quantity  of  mixed  gas  which  it  discharges  in  a  given  time,  may  be 
estimated  either  by  weight  or  by  volume;  or  it  may  be  expressed 
by  means  of  the  velocity  of  the  current  at  some  particular  point; 
or  by  the  pressure  required  to  produce  that  current. 

When  either  the  whole  or  part  of  the  oxygen  in  a  given  weight 
of  air,  at  a  given  temperature,  combines  with  carbon  so  as  to  form 
carbonic  acid,  the  volume  of  the  mixed  gas  produced  is  the  same 
with  the  ori^nal  volume  of  the  air;  and  the  density  is  increased 
simply  in  the  ratio  of  the  sum  of  the  weights  of  the  air  and  of  the 
carbon  to  the  weight  of  the  air. 

When  the  whole  or  part  of  the  oxygen  of  a  given  weight  of  air 
combines  with  hydrogen  so  as  to  form  steam,  the  volume  of  the 
mixed  gas  produced  is  greater  than  the  original  volume  of  the  air 
bj  an  amount  equal  to  one-half  of  the  volume  of  the  hydrogen 
taken  up. 

But  tiie  hydrogen  in  ordinary  fuel  bears  so  small  a  proportion  to 
the  whole  weight,  that  in  calculations  for  practical  purposes,  the 
volume  at  any  given  temperature  of  the  gas  which  a  furnace  dis- 
charges may  be  treated  without  sensible  error  as  being  equal  to  the 
volume  at  the  same  temperature  of  the  air  with  which  it  is  supplied* 
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The  variations  of  denntj  produced  by  deviadons  of  ihe  preaBni 
of  the  furnace  gas  from  the  mean  atmospheric  preasore  may  all 
be  neglected  in  practice;  so  that  its  volume  at  32^  Fahrenheit  ma 
be  estimated  approximately  at  12^  cubic  feet  for  each  Ibi  of  aj 
supplied  to  the  furnace;  or,  if  the  supply  of  air  be 

Yoloim  at  82^  per 
lb,  or  fad, 

12  lbs.  per  lb.  of  fuel, 150  cubic  feet. 

IS        „  „        235 

24        „  „        300 

The  volume  at  any  other  temperature  T  is 

V  =  volume  at  32»  x  ^~^P  =  V.  '7^ -^(1.) 

The  following  are  some  of  the  results: — 

Sapply  of  air  In  IIm.  per  lb.  ef  fiuL 
12  18  24 

Temperature.    Yolome  of  gnics  per  lb.  of  ftaal  in  eabic  fteL 

4640**  1551 

3275'  1 136  1704 

2500®  906  1359  1813 

1832°  697  1046  1395 

1472*'  588  882  1176 

iii2«  479  718             957 

763"  369  SS3             738 

57«'  3M  471              <528 

393**  359  389             519 

212''  205  307             409 

104''  172  258              344 

68**  161  241              322 

32*  150  225              300 

Let  w  denote  the  weight  of  fuel  burned  in  a  given  furnace  per 
second; 

Vo,  the  volume  at  32**  of  the  air  supplied  per  lb.  of  fuel; 

Tj,  the  absolute  temperature  of  the  gas  discharged  by  the  chimney; 

A,  the  sectional  ai*ea  of  the  chimney;  then  the  velocity  of  the 
current  in  the  chimney  in  feet  per  second  is 

t«V^.        

and  the  density  of  that  current,  in  lbs,  to  the  cubic  foot,  is  yen 
nearly 
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D  =  ^'  (o-0807  +  IV (3.) 

lat  is  to  say,  from  0-084  to  0-087  X  t^  -s-  t.. 

Let  I  denote  the  whole  length  of  the  chmmey,  and  of  the  flue 
adingtoit,  in  feet; 

m,  its  "  hjdranlic  mean  depth/'  that  is,  its  area  divided  by  its 
iiimeter  (see  Article  99^;  whidi,  for  a  square  or  round  flue  and 
mnney,  is  one  quarter  oi  the  diameter; 

/,  a  ccHeffident  of  friction,  whose  value  for  currents  of  gas  moving 
rer  sooty  surfaces  is  estimated  by  Peclet  at  0-012; 

G,  a  factor  of  resistance  for  the  passage  of  the  air  through  the 
rate  and  the  layer  of  fuel  above  it,  whose  value,  according  to  the 
iperiments  of  Peclet  on  furnaces  burning  from  20  to  24  lbs.  of 
»al  per  square  foot  of  grate,  is  12. 

Then,  according  to  a  formula  of  Peclet,  confirmed  by  practical 
xperience,  the  "  head  *'  required  to  produce  the  draught  in  question 
\  given  by  the  equation 

'-SC'+o+s--- — <••) 

rhich,  wink  tite  Talnes  assigned  by  Peclet  to  the  constantg,  becomes 

It  appears  that  in  using  this  formula,  a  conical  or  pyramidal 
liiinney  may,  without  sensible  errors  be  treated  as  if  it  were 
vlindrical  or  prismatic,  with  an  uniform  sectional  area  equal  to 
^t  of  the  opening  at  the  top. 

The  same  formula  enables  the  velocity  u  to  be  computed  when 
be  Head  h  is  given;  and  then,  by  means  of  the  equation 

uAtq  ,^. 

»=  V-Ti (^') 

ke  weight  of  fuel  which  the  furnace  is  capable  of  completely  bum- 
^  per  hour  can  be  computed. 

The  head  h  is  expressed  in  feet  in  height  of  a  column  of  the  hot  gas 
^  ^  chimney.  It  may  be  converted  into  an  equivalent  pressure  in 
^^ndt  on  the  square  foot,  by  multiplying  as  follows  by  the  density 
)f  that  gas  as  given  by  equation  3 : — 

;) = i  D = *  J  (o-0807  +  y)  ^— C^O 
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and  tliifl  again  maj  be  converted  into  aaj  other  convenient  unit 
preffiure,  hy  mtdtiplying  by  a  suitable  factor,  such  aa  those 
Article  107,  page  110. 

An  unit  of  head  veiy  commonlj  employed  is  an  inch  of  uxUe 
siphon  water  gauges,  graduated  into  inches  and  decimals,  beii 
used  to  indicate  the  Sfference  of  pressure  within  and  without 

flue.     For  this  unit  the  multiplier  is    ^^^   =  0-192;  that  is  to  sa 

Head  in  inchei  of  wUer  =  0'l92p  =  0-192  h^(o<)S07+Y-\ 

The  head  may  be  produced  in  three  ways — 
I.  By  the  draught  of  a  chimney. 
II.  By  a  blast  pipe. 

III.  By  a  fan  or  other  blowing  machine. 

L  The  head  produced  by  the  draught  of  a  chimney  is  eqaivales 
to  the  excess  of  the  weight  of  a  vertical  column  of  cool  air  outaid 
the  chimney,  and  of  the  same  height,  above  that  of  a  vertical  colam: 
of  equal  base,  of  the  hot  gas  within  the  chimney;  and  whei 
expressed  ia  feet  of  hat  gcu,  it  is  found  by  computing  the  weight  o 
a  column  of  the  cool  external  air  as  high  as  the  top  of  the  chimne] 
is  above  the  grate  and  one  foot  square  in  the  base,  dividing  by  th^ 
weight  of  a  cubic  foot  of  the  hot  gas  for  the  height  of  an  equivaleni 
column  of  hot  gas,  and  subtracting  the  former  height  £rom  th< 
latter. 

Thus,  let  H  denote  the  height  of  the  chimney,  and  rjthe  (ibaoluU 
temperature  of  the  external  air  (=  T2+  461°'2),  then 

H-J(0-0807) 
A  =  — r-^ n  -^  =  ^  (0-96  J  -  l)>....(a) 

H  =  A -r  (096 ^^  - 1) ^.... (9.) 

Equation  9  serves  to  calculate  the  height  of  the  chimney  required 
in  order  to  produce  a  given  draught 

For  a  given  extemid  temperature,  there  is  a  certain  temperatura 
within  the  chimney  which  produces  the  most  effective  draught; 
that  is,  the  maximum  toeiglU  of  hot  gas  discharged  per  second. 
That  temperature  is  found  as  follows : — 

The  velocity  of  the  gas  in  the  chimney  is  proportional  to  ,/A;| 
and  therefore  to  ,y  (0*90  t^  —  Tj), 
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The  density  of  that  gas  is  proportional  to  — . 

The  weight  discharged  per  second  is  proportional  to  velocity  X 

fensity,  and,  therefore,  to  — — ;    which  expression  be- 

iomes  a  maximuni  when 

'^=^6=2"'«' (10) 

iierefore,  the  heat  chinrney'draught  takes  place  when  the  absolute 
anperature  of  the  gas  in  the  chmmey  is  to  that  of  Hie  external  air  as 
t5tol2. 
When  this  condition  is  fulfilled,  we  have  evidently 

A  =  H; (11.) 

fiiat  is,  the  head  for  the  best  dhimney'draughty  expressed  in  hot 
fi*,  is  equal  to  the  height  of  the  cidmney;  and  it  is  also  obvious, 
that  Hue  density  of  the  hot  gas  is  one-half  of  Iha^  of  the  external  air. 

Suppose,  for  example,  that  the  temperature  of  the  external  air 
m  the  ordinaiy  scale  is 50°  Fahr. 

then  its  absolute  temperature  is. 511*2 

the  absolute  temperature  within  the  chinmey,  to  give 
the  best  draught,  is 2tt  X  511*2  =  1065-0 

corresponding  on  the  ordinaiy  scale  to 603*8 

feeing  a  Httle  below  the  tem])erature  of  melting  lead.  It  may  be 
i^d  down  as  a  practical  rule,  that  to  inswre  the  best  possible  drauglU 
(Arou^A  a  given  chimney,  the  temperalvre  of  Hie  Jiotgas  in  the  chimney 
^Itould  be  nearly y  but  not  quite,  sufficient  to  melt  lead. 

As  the  proper  allowance  of  air  for  a  chimney-draught  is  24  lbs. 
^  each  lb.  of  fuel,  the  volume,  at  that  temperature,  of  the  hot  gas 
<iischarged  by  the  chimney,  is  about  650  cubic  feet  per  lb.  of  fiiel, 
or  26  cubic  feet  per  lb.  of  the  hot  gas  itsel£ 

When  the  temperature  in  a  chimney  is  found  to  be  above  this 
limit,  it  is  to  be  reduced,  not  by  admitting  cold  air  to  dilute  the 
^ot  gas,  but  by  employing  the  surplus  heat  for  some  useful  purpose, 
>ach  as  heating  or  evaporating  water. 

So  long  as  the  draught  in  a  chimney  is  sufficient  to  bum  the 
requisite  quantity  of  fiiel  in  the  furnace,  the  temperature  in  the 
chimney  may  often  be  reduced  with  advantage  considerably  below 
^t  corresponding  to  the  most  effective  draught,  provided  the  heat 
abstracted  from  the  hot  gas  is  usefully  employed;  but  it  is  never 
^vantageous  to  raise  the  temperature  in  the  chimney  above  that 
Kmit 
IL  The  head  produced  by  a  blcut  pipe  is  equivalent  to  that  part 

u 
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of  the  atmosplieric  pressure  which  is  balanced  by  means  of  the 
impact  of  the  jet  of  steam  against  the  column  of  gas  in  the  chimney. 
Its  amount  and  effect  will  be  considered  in  a  subsequent  chapter. 

III.  The  work  which  a  fan  or  other  blowing  machine  must  per- 
form in  a  given  time  in  blowing  air  into  a  ^imaoe  so  as  to  produce 
a  given  head,  is  found  by  multiplying  the  pressure  equivalent  to 
that  head,  in  pounds  on  the  square  foot  {p,  equation  6),  into  the 
number  of  cubic  feet  of  air  blown  in,  taken  at  the  temperature  at 
which  it  quits  the  blowing  machine.  Let  r^  be  that  temperature 
on  the  absolute  scale  (being  equal  to,  or  higher  than  r^,  that  of  the 
external  air,  as  the  case  may  be^;  then  the  net  or  usefvl  work  of 
the  blowing  machine  per  second  is 

^.!^ZoJ^  =  u;Yo-Ja(o-0807  +  ~^ (12.) 

The  gross  power  or  energy  required  to  drive  a  blowing  fan  is 
greater  than  the  useful  work  in  a  proportion  which  varies  much 
in  different  machines,  and  is  very  uncertain.  In  some  recent 
experiments,  as  nearly  as  it  could  be  ascertained,  the  indicated 
power  exerted  by  two  steam  engines  driving  fans  through  long 
trains  of  shafting,  pulleys,  and  belts,  appeared  in  each  case  to  bo 
about  double  of  the  useful  effect. 

234.  Aralbible  Heat  of  ConbaailoB— Bacleacy  of  Vmnee. — 
The  (waUable  heat  of  combustion  of  one  pound  of  a  given  sort  of 
fuel,  is  that  part  of  the  total  heat  of  combustion  which  is  com- 
municated to  the  body  to  heat  which  the  fuel  is  burned;  for 
example,  to  the  water  in  a  steam  boiler;  and  the  efficiency  of  a 
given  furnace,  for  a  given  sort  of  fuel,  is  the  proportion  which  the ! 
available  heat  bears  to  the  total  heat,  when  the  given  sort  of  fuel  is 
burned  in  the  given  furnace. 

The  word  "  furnace "  is  here  to  be  understood  to  comprehend^  | 
not  merely  the  chamber  in  which  the  combustion  takes  place,  but 
the  whole  apparatus  for  burning  the  fuel  and  transferring  heat  to  i 
the  body  to  be  heated,  including  ash  pit,  air  holes,  ffame  chamber, 
flues,  tubes,  and  heating  sur&ce  of  every  kind,  and  chimney.  i 

The  same  kind  of  furnace  may  be  more  efficient  for  one  sort  of  I 
fuel  than  for  another;  and  it  may  also  be  more  or  less  efficient  for  | 
the  same  sort  of  fuel,  according  to  the  way  in  which  the  combustion  I 
ifl  managed  | 

The  available  heat  falls  short  of  the  total  heat  firom  several 
causes,  of  which  the  principal  are  the  following : —  | 

I.  Waste  of  Unbumt  Fud  in  the  Solid  Statc^Thla  generally  ! 
arises  fix)m  brittleness  of  the  fuel,  combined  with  want  of  care 
in  the  stoker,  by  which  causes  the  fuel  is  made  to  fall  into  smaD  i 
pieces,  which  escape  between  the  grate  bars  into  the  ash  pit 
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Many  of  tlie  moat  valuable  kinds  of  coal,  such  as  the  dry  steam 
coals,  ai-e  brittle.  The  waste  of  such  coals  in  the  solid  state  is  to 
be  prevented  by  the  following  means : — (1.)  They  are  to  be  thrown 
evenly  and  uniformly  over  the  fire  with  the  shovel,  so  that  there 
shall  be  no  occasion  to  disturb  them  after  they  are  &cst  thrown  ih. 
(2.)  The  fire  is  not  to  be  stirred  from  above;  and  the  grate  bars 
are  to  be  cleared  when  required,  by  a  hook  or  slice  fix)m  below. 
(3.)  The  ashes  are  to  be  riddled  firom  time  to  time,  and  the 
small  coal  or  cinders  contained  amongst  them  thrown  upon  the 
fires.    (See  page  664.) 

It  is  impossible  to  estimate  the  greatest  amount  of  this  kind  of 
waste  which  may  arise  from  careless  firing ;  but  the  amount  which 
is  unavoidable  with  good  firing  has  in  some  cases  been  ascertained 
by  experiment,  and  found  to  range  from  nothing,  up  to  about  2^ 
per  cent. 

II.  Tlte  Waste  of  Unbumt  Fud  in  the  Gcueova  and  Smoky  Siaies, 
and  the  means  of  preventing  that  waste,  by  a  sufficient  supply  and 
proper  distribution  of  air,  have  been  stated  in  the  preceding 
Article& 

The  greatest  probable  amoxmt  of  that  waste,  when  the  absence  of 
any  provision  for  introducing  air  to  bum  the  inflammable  gases  i» 
combined  with  bad  firing,  may  be  estimated  by  taking  the  propor- 
tion in  which  the  total  heat  of  combustion  of  the  coke  or  fixed 
carbon  contained  in  one  pound  of  the  coal  is  less  than  the  total 
heat  of  combustion  of  all  the  constituents  of  one  pound  of  the 
coaL 

When  the  firing  is  conducted  with  care,  but  the  supply  of  air 
insufficient,  the  waste  may  be  estimated  by  treating  the  hydrogen 
as  inefifective;  that  is,  by  taking  the  proportion  in  which  the  heat 
due  to  the  whole  of  the  carbon  in  the  coal  is  less  than  the  heat  due 
to  the  carbon  and  to  the  hydrogen  in  excess  of  that  required  to 
form  water  with  the  oxygen  in  the  coal  This  method  of  calcula- 
tion proceeds  on  the  supposition,  that  the  whole  of  the  hydrocarbons 
are  decomposed  into  carbon  and  hydrogen  by  the  heat,  that  the 
carbon  is  completely  burnt,  and  that  the  hydrogen  escapes  tmbumt 
That  supposition  appears  to  represent  with  an  approach  to  accuracy 
the  state  of  things  in  good  ordinary  steam  boiler  furnaces  which 
have  no  special  provision  for  distributing  air  amongst  the  inflam- 
iDable  gases;  for  the  result  of  experience  with  such  furnaces  is,  that 
the  relative  values  of  coals  consumed  in  them  are  nearly  proper^ 
tional  to  the  quantities  of  carbon  contained  in  those  coals. 

It  appears,  then,  that  there  are  two  degrees  of  waste  from  imper- 
fect combustion  of  the  gas  and  smoke  from  one  poimd  of  bituminous 
Boal,  which,  as  reduc^  to  equivalent  noeigkte  of  ooHnm,  may  be 
•zpressed  as  follows: — 
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Waste  rBduced 
toi 


(1.)  Insufficient  air,  but  good  firing,  the  sop-  )        ^      /_     0\ 
plus  hydrogen  wasted, f     ^'^°  \         8/ 


'■'»(=-?)^ 


IO-28 


(-§)^ 


(2,)  Very  insufficient  air,  and  bad  firing;  all 

the  hydrocarbons  wasted.    J£  the  hydrogen 

and  carbon  in  these  are  combined  in  the 

same  proportion  as  in  marsh  gas  (H^C); 

then  for  every  lb.  of  hydrogen  wasted,  3 

lbs.  of  carbon  are  wasted  bIbo;  giving  as 

the  total  waste  reduced  to  carbon, 

If  the  hydrogen  and  carbon  are  combined  in 

the   same   proportion  as  in  olefiant  gas 

(Hj  Co),  then  for  every  lb.  of  hydrogen 

waste<C  6  lbs.  of  carbon  are  wasted  also; 

giving  as  the  total  waste  reduced  to  carbon, 
and  for  intermediate  proportions,  intermediate 

qtiantities  are  wasted. 

III.  Wcute  by  External  Radiation  amd  Conduction. — ^The  waste 
by  direct  radiation  from  burning  coal  through  an  open  fire  door  may 
be  approximately  estimated  according  to  the  principles  of  Article 
228,  by  assuming,  in  the  first  place,  the  heat  directly  radiated  from 
the  fuel  to  be  one-half  of  the  total  heat  of  combustion;  next,  con- 
ceiving the  surface  of  the  burning  mass  to  be  divided  into  several 
small  equal  parts,  from  each  of  which  an  equal  share  of  the  heat 
radiates;  then,  finding  what  fraction  of  the  surface  of  a  sphere  de- 
scribed about  one  of  those  parts  is  subtended  by  the  opening  through 
which  the  radiation  takes  place,  and  multiplying  the  share  of  heat 
radiated  from  the  part  of  the  fuel  in  question  by  that  fraction ; 
and,  lastly,  adding  together  the  products  so  found  for  the  several 
parts  of  the  burning  fuel  The  loss  by  conduction  through  the 
solid  boundaries  of  the  furnace  might  be  estimated  from  their  area, 
their  material,  their  thickness,  their  thermal  resistance,  and  the 
difierence  of  the  temperatures  within  and  without  the  furnace,  bj 
the  principles  of  Article  219. 

In  well  planned  and  well  constructed  furnaces,  however,  those 
losses  of  heat  should  be  practically  inappreciable;  and  the  general 
nature  of  the  means  of  making  them  so  has  been  stated  in  Article 
228. 

IV.  Waste  or  Loss  of  Heat  in  the  Hot  Gas  which  Escapes  by  the 
Chimney, — Consideiing  that  the  temperature  of  the  fire,  in  a  fur- 
nace with  a  draught  produced  by  a  chimney,  and  supplied  with  24 
lbs.  of  air  per  lb.  of  fuel,  is  about  2400**  Pahr.  above  the  tempera- 
ture of  the  external  air,  and  that  the  temperature  of  the  hot  gas  in 
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the  cliimiiej,  in  order  to  produce  the  best  possible  draught,  should 
be  about  600°  above  the  temperature  of  the  external  air,  it  appears, 
that  under  no  drcumstanoes  can  it  be  necessaiy  to  expend  more 
than  an»-fourth  of  the  total  heat  of  combustion  for  the  purpose  of 
producing  a  draught  by  means  of  a  chimney.  By  making  the 
chimney  of  laige  enough  dimensions  as  compared  with  the  grate,  a 
much  less  expenditure  of  heat  than  this  may  be  made  to  pi^uce  a 
draught  sufficient  for  the  rate  of  combustion  in  the  fumaca 

When  the  draught  is  produced  by  means  of  a  blast  pipe,  or  of  a 
blowing  machine,  no  elevation  of  temperature  above  that  of  the 
external  air  is  necessary  in  the  chimney;  therefore,  furnaces  in 
which  the  draught  is  so  produced  are  capable  of  greater  economy 
than  those  in  which  the  draught  is  produced  by  means  of  a  chimney. 

It  appears  further,  as  has  already  been  stated,  that  with  a  forced 
draught  there  is  less  air  required  for  dilution,  consequently  a  higher 
temperature  of  the  fire,  consequently  a  more  rapid  conduction  of 
heat  through  the  heating  surface,  consequently  a  better  economy  of 
heat  than  there  is  with  a  chimney-draught. 

The  proportion  of  the  whole  heat  which  is  lost  with  the  gas 
discharged  by  the  chimney  depends  mainly  on  the  effUsierusy  of  the 
heating  w/rface^  which  has  alr^dy  been  considered  in  Article  221. 

Eeferring  to  equation  13,  in  case  2  of  that  Article,  let  E  denote 
the  theoretical  evaporative  power,  and  K  the  available  evaporative 
power,  of  one  lb.  of  a  given  sort  of  fuel,  in  a  boiler  furnace  in  which 
the  area  of  heating  surface  is  S.     Then 

"E=^"rT^7^^ ^'^ 

S  +  '-^j— 

Where  B  is  a  fractional  multiplier,  to  allow  for  miscellaneous  losses 
of  heat,  whose  value  is  to  be  found  by  experiment 

Now  c**  W*  is  proportional  nearly  to  F*  VJ,  where  F  is  the 
number  of  lbs.  of  fuel  burnt  in  the  furnace  in  a  given  time,  and 
V^  as  in  a  former  Article,  the  volume  at  32°  of  the  air  supplied 
per  lb.  of  fuel     Also,  H  oc  F  X  a  constant. 

Hence  it  may  be  expected,  that  the  efficiency  of  a  furnace  will 
be  expressed  to  an  approximate  degree  of  accuracy,  by  the  follow- 
ing formula : — 

^'_        ^^         .#  /ON 

E-S  +  AF' ^^'^ 

in  which  A  is  a  constant,  which  is  to  be  found  empirically,  and  ia 

*  Thif  formula,  and  most  of  the  examples  which  foUow  it,  were  first  pnblished  in 
apaper  read  to  the  Instltntion  of  EDgineers  in  Scotland,  on  the  20th  of  April,  1869. 
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Jnobably  proportional  approxiiiiatety  to  the  square  of  tlie  quantity 
p£  air  supplied  per  IK  of  ^eL 

It  is  customary  and  convenient  to  refer  various  dimoiaions  and 
quantities  relating  to  a  furnace  to  the  square  foot  of  graie;  there- 
fore S  maj  be  taken  to  represent  the  number  of  square  feet  of 
heating  surface,  and  E  the  number  of  lbs.  of  fuel  burnt  per  hour, 
per  equa/refoot  ofgraie. 

The  follqwing  are  the  values  of  the  constants  B  and  A  which 
have  been  found  to  agree  best  with  experiment,  so  far  as  the 
practical  performance  of  boilers  has  hitherto  been  compared  with 
the  formula : — 

Boiler  Class  I.  The  convection  taking  place  in  the 
best  manner  (see  Article  220),  either  by  introduc- 
ing the  water  at  the  coolest  part  of  the  boiler,  and 
making  it  travel  gradually  to  the  hottest  (as  in 
Lord  Dundonald's  boiler),  or  by  heating  the  feed- 
water  in  a  set  of  tubes  in  the  uptake;  the  draught  B  A 
produced  by  a  chimney, i      o'5 

Boiler  Class  IL  Ordinary  convection,  and  chimney 

draught, H      0-5 

Boiler  Class  III.  Best  convection,  and  forced  draught,     i      0*3 

Boiler  Class  lY.    Ordinary  convection,  and  forced 

draught, • •••    iv     0*3 

When  tiiere  is  a  feed-water  heater,  its  sur£Eice  should  be  induded 
in  computing  S;  and  the  surface  of  tubes  surrounded  by  water  is 
to  be  measured  outside. 

The  formula  is  of  course  not  intended  to  supersede  experiments 
and  practical  trials,  nor  to  gi^e  results  as  accurate  and  satisfactorj 
as  such  experiments  and  trials,  but  to  furnish  a  convenient  means 
of  estimating  approximately  the  evaporative  power  of  fuel  in  pro- 
posed boilers,  and  the  comparative  efficiency  of  different  boQers. 

The  formula  is  framed  on  the  supposition  that  the  admission  of  air 
and  the  management  of  the  fire  are  such,  that  no  appreciable  loss 
occurs,  either  from  imperfect  combustion  or  from  excess  of  air,  the 
construction  and  proportions  of  the  ftimace,  and  the  mode  of  using 
it,  being  the  best  possible  for  each  kind  of  coal 

If  desired,  the  effect  of  imperfect  combustion  and  bad  firing  may 
be  estimated  in  the  manner  described  in  Division  IIL  of  this 
Article,  and  that  of  an  excess  of  air  by  increasing  A  in  proportion 
to  the  square  of  the  quantity  of  air  supplied 

The  following  are  examples  of  efficien<7  calculated  by  means  of 
the  formula :— 


wjMuuaicnr  07  fcbhaca 
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^ 

F 

0 

ForcUttsofboOer 

Y 

I. 

II. 

III. 

IV. 

O'l 

o'i6 

o-iS 

0-25 

0-22 

0-25 

o'33 

0-31 

0-45 

043 

05 

0-50 

©•46 

0*62 

o"59 

075 

o'6o 

0-55 

071 

0-68 

I'O 

o'66 

o-6i 

077 

073 

125 

071 

0-65 

o-8i 

077 

1-5 

075 

0*69 

0-83 

079 

a-o 

o-8o 

073 

0-87 

0-83 

2-5 

0-83 

076 

089 

0-85 

3'o 

0-86 

079 

0-91 

086 

6-0 

0-92 

0-84 

o'95 

0-90 

9'o 

0-95 

0-87 

0-97 

0*92 

The  following  are  particular  cases : — 
L  North  country  coal — 

E=15-5;S  =  M?  =  48;F  =  25; 

boiler  with  feed-water  heater,  and  chimney-draught;  or  Class  L— 
ir  =  15-5  X  0-8  =  12-4. 

This  agrees  closely  with  the  residts  of  the  experiments  at  New^ 
castle  on  fresh  coal,  both  by  the  Newcastle  committee,  and  by  the 
Admiralty  reporters. 

II.  Same  coal,  same  boiler  without  heater — 
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.35;  F  =  27. 


Boiler  Class  IL- 


1^  =  15-5  X  0-66  =  10-23. 


This  nearly  agrees  with  an  experiment  made  by  the  Admiralty 
reporters  at  Newcastle,  in  which  the  result  was  10*54. 
IIL  Same  coal — 

S  =  25  j  F  =  25;  no  heater. 

Boiler  Class  II.— 

E'  =  15-5x  0-61  =  9-5. 
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This  applies  to  several  oidioaiy  marine  boilers. 

IV.  Ix)comotiye  boiler.  Class  IV. — 

Coke,  E=  say  Ul;  S  =  60;  F  =  56. 
IT  =  14-1  X  -74  =  10-43  from  212*; 
Equivalent  evaporation  from  62"*  at  329% 

The  above  proportions  of  S  and  F  are  computed  from  a  formnla 
of  Mr.  D.  EL  Clark,  as  being  suitable  to  insure  an  evaporative 
power  of  9,  from  62^  at  329^     The  difference  is  only  A. 

V.  Locomotive  boiler,  Class  IV.  (mean  of  Mr.  D.  K.  Clark's 
experiments,  Nos.  38,  39,  40,  41,  42)— 

E  =  sayl4-1;  S  =  83;  F  =  65J; 
E  =  14-1  X  -77  =  10-86  from  212«; 
Equivalent  evaporation  from  62®  at  329% 

^^  =  9-05 
Mean  result  of  experiments, 8*72 

Difference, 033 

VI.  Locomotive  boiler.  Class  IV.  (mean  of  Mr.  D.  K  Clark's 
experiments,  Nos.  48,  49,  50,  51,  53)-- 

E=  say  14-1;  8  =  66-4;  P  =  56-2; 

E  =  14-1  X  -76  =  10-72  horn  212** ; 

Equivalent  evaporation  from  62^^  at  329°, 

10-72 
^=893 

Mean  result  of  experiments, 8*75 

Difference, 0-18 

^f  \r^™^*'^®  ^^^^'  ^^^  ^'  (Mr.  D.  K.  Clark's  experi- 
ment, No.  55;  mean  of  10  trips)—  ^ 

E  =  sayl4-1;  S  =  57;  F  =  44; 
E'=:  141  X  -77  =  10-86  fi^>m  212^ 
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Equivalent  evaporation  from  62'  at  329% 

Result  of  experiments, 9*00 

Difference, 005 

VIIL  Locomotive  boiler,  Class  lY.  (Mr,  D.  K.  Clark's  experi- 
ment, No.  61,  mean  of  8  trips)^ 

E  =  sayU-l;  S  =  60;  F  =  87i 

1^==  14-1  X  -66  =  9-3  from  212%- 

Equivalent  evaporation  fi*om  62'^  at  329% 

1:0  =  7-75 
Besolt  of  experiment, 7'2 

Difference, 0-55 

The  only  principle  followed  in  selecting  experiments  from  Mr. 
Clark's  table  is  that  of  giving  the  preference  to  those  cases  in  which 
a  mean  can  be  obtained  from  the  results  of  a  large  number  of 
experiments  under  similar  or  nearly  similar  circumstances. 

The  general  conclusion  to  be  drawn  from  the  preceding  compari- 
sons is,  that  the  formula  agrees  closely  with  the  results  of  experiment 
np  to  a  rate  of  consimiption  of  about  60  lbs.  per  square  foot  of 
gmte;  and  that  above  that  rate  of  consumption,  although  there  is 
still  an  approximate  agreement,  the  results  of  experiment  fall 
somewhat  short  of  those  given  by  the  formula.  It  is  probable, 
however,  that  for  those  high  rates  of  consumption,  the  combustion 
is  not  so  complete  as  at  lower  rates,  and  that  some  heat  is  couse* 
qnently  wasted. 

Example  IX.— Boiler  Class  II.— 

E  =  about  15J;  S  =  60,  nearly;  F  =  6-4; 
iTrsldix  •87  =  13-48 
Besolt  of  experiment, 13*56 

Difference, OOS 

The  above  is  the  result  of  an  experiment  of  the  Author^s. 
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Example  X.  — The  Earl  of  Dandonald'a  boileEr.  This  boiler  ia  conaidefred  9i 
belonging  to  Class  L,  because  of  the  feed-water  being  introdaoed  at  the  "paii 
where  the  gas  from  tiie  furnace  is  cooleet — 

E  =  about  16  ?  (for  hand-picked  IJangennech  coal) ; 
S  =  33-6;  F  =  1017;  E'  =  16  x  087  =  13-92 
Mean  result  of  two  experiments  with  the  feed- water  at)  iama 

5(f,  1214  X  factor  of  evaporation  117 >  ^*^ 

Difference, * 0-28 

Addendum  to  Article  254,  page  324,  and  Article  317,  page  465. 

OHtll0w  •r  Stcani. — Let  pi  be  the  absolate  prenare  inside  a  yessel,  such  as  a 
boiler,  and  p^  the  absolnte  pressure  outside.  Let  U  denote  the  work  done  by  an  anil 
of  weight  of  steam,  if  admitted  into  a  cylinder  at  the  pressure  px,  expanded  till  the 
pressure  fklls  to  p^j  and  expelled  at  the  latter  pressure.  Then  the  velocity  with 
which  the  steam  will  escape  from  an  outlet  in  the  yessel  will  be  given  by  the  follow- 
ing formula,  in  which  ff  denotes  gravity : — 

V  =  V  (2ff  u). a.) 

Let  ti  be  the  volume  occupied  by  unity  of  wdght  of  the  steam  at  the  instant  when 
its  expansion  is  complete ;  then  the  weight  of  steam  which  escapes  per  second  thnragli 
each  unit  of  effective  area  of  outlet  is  expressed  as  follows : — 

V  +  «»V'(«^U)^ii. , (2.) 

The  following  are  the  rules  to  be  used  for  finding  U  and  ti  in  diflforent  cases : — 
C^SB  I.    For   the  escape  through  a  non-conducting  nozzle;    tt,  Article  281, 

equation  (3),  page  884 ;  or  equation  (5),  page  885 ;  U,  Article  284,  equation  (1),  or 

(1  a),  page  887. 

Casb  n.  For  the  escape  through  a  nozzle  which  communicates  to  the  steam  joat 

heat  enough  to  prevent  liquefaction ;  ti  (=  0|),  Article  287,  equation  (I  a),  page  898; 

or  the  Uble  headed  ** Steam  by  the  Pound,'*  pages  664  to  667 ;  U  (»   f^^  v  d  p), 

J  Pt 
Article  287,  equation  (2),  page  398 ;  or  the  before-mentioned  table;  or  the  diagranu 
tit  the  end  of  the  volume ;  or  the  following  approximate  formnln : — 

•  =  •«-•»  S)^'  u  -p.  n •  n  j  1  -  (g)r7 1 5 (s.) 

Casb  III.  For  steam-gas,  the  formuln  of  Article  254,  page  324.  The  efediee  area 
of  outlet  is  the  sectional  area  of  the  escaping  jet  at  the  point  where  the  absolute 
pressure  is/»j.  For  conoidal  converging  nozzles,  and  with  p^  not  lees  than  |  pi,  the 
eflbctive  area  may  be  taken  as  equal  to  the  actual  area  at  the  outer  end  of  the  nozzle. 

The  above-mentioned  value  of  the  external  pressure,  p,s|pi,  or  thereaboats, 
(;ives  a  maximum  value  to  the  weight  of  outflow,  V-Mi;  and  the  experiment!  of 
Mr.  R.  D.  Napier  have  shown  that  probably,  when  P2  <  i  Pi,  the  effective  area  of 
outlet  becomes  greater  than  that  of  the  nozzle  in  such  a  proportion  that  the  weight 
of  outflow  remains  constant  for  a  given  internal  pressure. 

For  a  rough  approximaticn,  let  q  be  the  weight  of  outflow  per  unit  area  per 
second;   then,  when  p^=0T  <  Jpi,  5=/>i-r70  nearly;  and  when  p^  >"iPi» 
^  =  (/>«  -r-  42)  •  V(pi  -jp,)  H-Jp,.) 

(See  The  Enofneer  for  September^  October,  November,  and  December,  1869.) 
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CHAPTER  III 

PRINGIPLE8    OF  THEBM0DTKAHIC8. 

S£crnoK  1. — Of  the  Two  Laws  of  ThermodynomicB. 

235.  Tiierai«47mMiic«  i^ciiBed.  —  It  is  a  matter  of-  ordinaay 
observation,  that  heat,  by  expanding  bodies,  is  a  source  of  me- 
chanical energy;  and  conversely,  that  mechanical  energy,  being 
expended  either  in  compressing  bodies,  or  in  friction,  is  a  sonrce  of 
heat  Such  phenomena  have  already  been  incidentally  referred  to, 
in  Article  13,  under  the  head  of  Friction;  in  Article  195,  where 
the  relations  between  heat  and  mechanical  energy  are  mentioned; 
in  Article  196,  under  the  head  of  the  Properties  of  the  Condition 
of  Heat,  numbered  IV.,  V.,  and  VI. ;  and  in  Articles  211  to  216, 
under  the  hei^  of  Latent  Heat,  which  disappears  in  producing 
mechanical  changes,  and  can  be  reproduced  by  reversing  those 
changes. 

The  reduction  of  the  laws  according  to  which  such  phenomena 
take  place,  to  a  physical  theoiy,  or  connected  system  of  principles, 
constitutes  what  is  called  the  science  of  thermodtnamics. 

236.  Vine  liMw  •f  ThenBodyaamica.  —  HecA  and  mechomcal 
enetyy  are  mvJtuaUy  con/vertible;  amd  heaJt  requires  for  Us  production^ 
and  prodtuxs  by  its  dieappearam^,  mechanical  energy  in  the  propoT" 
lion  of  772  foot-pounds  for  each  British  unit  of  heat:  the  said  unit 
being  the  amount  of  heat  required  to  raise  the  temperature  of  one 
pound  of  liquid  water  by  one  degree  of  Fahrenheit,  near  the 
temperature  of  the  maximum  density  of  water.  This  law  may  be 
considered  as  a  particular  case  of  the  application  of  two  more 
general  laws,  viz. : — 1.  All  forms  of  energy  are  convertible.  2.  The 
total  energy  of  any  substance  or  system  cannot  be  altered  by  the 
mutual  actions  of  its  parts. 

The  quantity  above  stated,  772  foot-pounds  for  each  British 
thermal  unit,  is  commonly  called  ^^Jond^s  egmvalentj^  and  denoted 
by  the  symbol  J,  in  honoiir  of  Mr.  Joule,  who  was  the  first  to 
determine  its  value  exactly.  His  first  approximate  determination 
of  this  quantity  was  published  in  1843,  a  little  after  that  of  Mayer; 
his  best  set  of  experiments,  from  which  the  accepted  value  772  is 
deduced,  may  be  consulted  in  the  Philosophical  TransacUons  for 
185a 
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In  these  experiments,  the  heat  produced  by  mutual  friction  of 
the  particles  of  a  liquid  was  compared  with  the  mechanical  enei^ 
expended  in  producing  that  friction.  The  advantage  of  this  kind 
of  experiment  is,  that  the  liquid,  and  all  the  parts  of  the  apparatus, 
are  left  exactly  in  the  same  condition  at  the  end  of  the  experiment 
as  they  were  at  the  beginning;  so  that  it  is  certain,  that  no  per- 
manent effect  whatsoever  has  been  produced  by  the  mechanical 
energy  expended,  except  a  certain  quantity  of  heat,  which  is 
accurately  measured;  and,  therefore,  that  the  heat  so  produced  is 
the  exact  equivalent  of  the  mechanical  enei-gy  expended. 

In  all  other  cases  in  which  heat  is  produced  by  the  expenditure 
of  mechanical  energy,  or  mechanical  energy  by  the  expenditure  of 
heat,  some  other  change  iM  produced  besides  that  which  is  princi- 
pally considered;  and  this  prevents  the  heat  and  the  mechanical 
energy  from  being  exactly  equivalent. 

The  following  are  the  values  of  Joule*s  equivalent  for  different 
thermometric  scales,  and  in  French  and  British  units : — 

J. 

One  British  thermal  unit,  or  decree  of )    ^^    ^    .  « 
Fahrenheit  in  a  lb.  of  water,.  /    77^  foot-lbs. 

One  Centigrade  degree  in  a  lb.  of  water,  1389*6      ^, 
(or  very  nearly  1390). 

One  French  thermal  unit,  or  Centi-1 
grade   degree  in  a  kilogramme  of  >  423*55  kilogramm^tres. 
water, • j 

The  production  of  heat  by  friction  is  distinguished  from  its  pro- 
duction by  other  mechanical  means,  such  as  the  compression  of 
gases,  in  being  irreversible;  that  is  to  say,  it  is  impossible  to  make 
heat  produce  mechanical  energy  by  any  such  means  as  reversing  the 
process  0/ friction. 

237.   DToamleal  ezprcMtoB  •€  QnaBUUcs  •f  Hcst. — ^All  quantities 

of  heat,  such  as  the  specific  heat  of  any  substance,  or  the  laterU  heat 
corresponding  to  any  physical  effect,  or  any  other  of  the  quantiti^ 
of  heat  treated  of  in  Chapters  I.  and  II.,  may  be  expressed  dynamir 
colli/,  that  is,  in  units  of  work,  by  multiplying  their  values  in 
ordinary  units  of  heat  by  Joule*s  equivalent.  Several  examples  of 
this  mode  of  expressing  quantities  of  heat,  which  is  by  far  the 
most  convenient  in  treating  of  thermodynamical  questions,  are 
given  in  the  tables  at  the  end  of  this  volume.  The  following  are 
additional  examples : — 

Foot-lU. 

Latent  heat  of  evaporation  of  1  lb.  of  water,  from  )      ^  ^  o,^ 
and  at  212^ ^. ., /      74S,8ii 

Total  heat  of  combustion  of  1  lb.  of  carbon, 11^194,000 


AT 


^ 
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238.  Graphic  Bcpr«M«tAU«ii  mt  the  First  I«aw. — In  fig.    91,   let 
abscissae,  measured  along,  or  parallel  to,  the  axis  O  X,  represent 
the  volumes  successively  assumed  by  a  given  ^ 
mass  of  an  elastic  substance,  by  whose  alter- 
nate exxnnsion  and  contraction  heat  is  made 
to    produce  mechanical  energy;   O  V^  and 
O  Vb  being  the  least  and  greatest  volumes 
which  the  substance  is  made  to  assume,  and 
O  V  any  intermediate  volume.    For  brevity's 
sake,  these  quantities  will  be  denoted  by  v^, 
v»,  and  V,  respectively.     Then  t?»  -  v^  may  re- 
present the  space  traversed  by  the  piston  of    _^ 
an  engine  during  a  single  stroke.  ^ 

Let  ordinates,  measured  parallel  to  the  ^*S*  ^^' 

axis  O  Y,  and  at  right  angles  to  O  X,  denote  the  expansive  pressures 
successively  exerted  by  the  substance  at  the  volumes  denoted  by 
the  abscissse.  During  the  increase  of  volume  from  v^  to  Vf,,  the 
pressure,  in  order  that  motive  power  may  be  produced,  must  be,  on 
the  whole,  greater  than  during  the  diminution  of  volume  from  v^  to 
«7«;  so  that,  for  instance,  the  ordinates  VPj  and  VP2,  or  the 
symbols  p^  andpo,  may  represent  the  pressures  corresponding  to  a 
given  volume  v,  during  the  expansion  and  contraction  of  the  sub- 
stance respectively. 

Then,  as  in  Article  43,  and  ^g.  17,  the  area  of  the  curvilinear 
figure,  or  indiccUor-dmgram,  A  P^  B  Pg  A,  will  represent  the  energy 
exerted  by  the  elastic  substance  on  the  piston  during  a  complete 
stroke,  or  cycle  of  changes  of  volume  of  the  elastic  substance.  The 
algebraical  expression  for  that  area  is 


J   V  a 


and  this,  in  viHue  of  the  first  law  of  thermodynamics,  represents 
also,  in  units  of  work,  the  mechcmical  equivcUeni  of  the  heat  which 
disappears  during  a  complete  forward  and  back  stroke  of  the 
piston;  that  is  to  say,  if  h^  represents  the  quantity  of  heat,  in 
eommon  thermal  units,  received  by  the  elastic  substance  during  one 
part  of  the  process  (such,  for  example,  as  the  heat  communicated 
to  a  certain  weight  of  water  in  a  boiler  in  order  to  produce  steam), 
and  h^  the  quantity  of  heat  rejected  by  the  same  substance  during 
another  part  of  the  process  (such,  for  example,  as  the  heat  abstracted 
from  the  same  quantity  of  water  in  the  condenser  of  a  condensing 
engine,  or  by  the  air,  in  a  non-condensing  engine);  and  if  Hj  and 
H2  are  the  same  quantities  of  heat  expressed  in  foot-pounds,  then, 
by  the  first  law. 
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J{h^^h^=='K,^K^=f(p,-p^dv (1.) 
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239.  Themai  i^Imm. — A  line  drawn  on  a  diagiam  of  enei^, 
such  that  its  ordinates  represent  the  pressnres  of  a  substance  cor- 
responding to  various  volumes,  while  the  absolute  temperature  is 
maintained  at  a  constant  value,  denoted,  for  example,  by  r,  may  be 
called  the  isothermal  line  of  r  for  the  given  substance  (see  fig.  92). 
Suppose,  for  instance,  that  the  co-ordinates  of  the  point  A,  9«  and 
p^y  represent  respectively  a  volume  and  a  pressure  of  a  given  sub- 
stance, at  which  the  absolute  temperature  is  r ;  and  the  co-ordinates 
of  the  point  B,  viz.,  v^  and  p^  another  volume  and  pressure  at  which 
the  absolute  temperature  is  the  same ;  then  are  the  points  A  and  B 
situated  on  the  same  isothermal  line  T  T. 

On  the  other  hand,  let  the  sub- 
stance be  allowed  to  expand  from 
the  volume  and  pressure  v^  /?«,  with- 
out receiving  or  emitting  heat;  and 
when  it  reaches  a  certun  volume, 
v^  let  the  pressure  be  represented 
^7  Pn  ^hich  is  less  than  the  pres- 
sure woidd  have  been  had  the  tem- 
perature been  maintained  constant^ 
because,  by  expansion,  heat  is  made 
to  disappear.  Then  0  will  be  a 
point  on  a  certain  curve  N  N  pass- 
^'     *  ing  through  A,  which  may  be  <»lled 

a  curve  of  no  transmission,  or  adio^ic  curve. 

It  is  to  be  understood  that,  during  the  process  last  described, 
the  mechanical  energy  exerted  during  the  expansion,  and  which  is 
represented  by  the  area  A  0  Yo  V^,  is  entirely  communicated  to  an 
external  body,  such  as  a  piston ;  for  if  any  part  of  it  were  expended 
in  agitating  the  particles  of  the  expanding  substance,  a  portion  of 
heat  would  be  reproduced  by  friction. 

If  o  0  0  be  a  curve  whose  ordinates  represent  the  pressures  oorre* 
spending  to  various  volumes  when  the  substance  is  absolutely 
destitute  of  heat,  then  this  curve,  which  may  be  called  the  line 
of  ahsohUe  cold,  is  at  once  an  isothermal  curve  and  an  adiabatic 
curve. 

So  far  as  we  vet  know,  the  line  of  absolute  cold,  for  all  sub^ 
stances  for  which  it  has  been  ascertained,  is  an  asymptote  to  all 
the  other  isothermal  curves  and  curves  of  no  tranamission,  which 
approach  it  and  each  other  indefinitely  as  the  volume  of  the 
substance  increases  without  limit;  and  it  coinddes  sensibly  with 
the  straight  line  O  X ;  that  is  to  say,  a  substance  wholly  destitute 
of  heat  exerts  no  expansive  pressure. 
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The  folio-wing  property  of  adiabatic  curves,  in  connection  with 
the  first  law  of  thermodynamics,  is  the  foundation  of  many  useful 
propoeitiona  (It  was  first  demonstrated  in  the  Philosophical 
Transactions  for  1854.) 

Theobeil  The  mechamcal  equivalent  of  the  heat  ahaorhed  or 
given  out  by  a  mibatance  in  passing  from  one  given  state  as  to  pres- 
sure  and  volttms  to  oflnother  given  state,  through  a  aeries  of  states 
represented  by  the  co-ordinates  of  a  given  curve  on  a  diagram  of 
energy^  is  represented  hy  the  a/rea  induded  hettoeen  the  given  curve 
and  two  cwrves  of  no  transmission  of  heat  dratonfrom  its  extremities, 
and  inde/imt^y  prolonged  in  the  direction  representing  increase  of 
volume, 

(Demonstration)  (see  ^.  93).  Let  the  co-ordinates  of  any  two 
points,  A  and  B,  represent  respectively  the  volumes  and  pressures 
of  the  substance  in  any 
two  conditions;  and  let 
a  curve  of  any  figure, 
A  C  B,  represent  by  the 
co-ordinates  of  its  points, 
an  arbitrary  succession 
of  volumes  and  pressures 
through  which  the  sub- 
stance is  made  to  pass, 
in  changingfrom  the  con- 
dition A  to  the  condition 
R  From  the  points  A  and  B  respectively,  let  two  adiabatic 
corves  A  M,  B  N,  extend  indefinitely  towards  X ;  then  the  area 
referred  to  in  the  enunciation  is  that  contained  between  the  given 
aibitrary  curve  A  C  B  and  the  two  indefinitely  prolonged  adiabatic 
curves ;'  areas  above  the  curve  A  M  being  considered  as  represent- 
ing heat  absorbed  by  the  substance,  and  those  below^  heat  given 
out. 

To  fix  the  ideas,  let  us  in  the  first  place  suppose  the  area 
M  A  C  B  N  to  be  situated  above  A  M.  After  the  substance  has 
reached  the  state  B^  let  it  be  expanded  according  to  the  adiabatic 
curve  B  N,  until  its  volume  and  pressure  are  represented  by  the 
co-ordinat^  of  the  point  IX.  Next,  let  the  volume  Vf^  be  maintained 
constant,  while  heat  is  abstracted  until  the  pressure  feJls  so  as  to  be 
represented  by  the  ordinate  of  the  point  D,  situated  on  the  curve  of 
no  transmission  A  M.  Finally,  let  the  substance  be  compressed, 
according  to  this  curve  of  no  transn^dssion,  until  it  recovers  its 
primitive  condition  A.  Then  the  area  A  C  B  D'  D  A,  which  re- 
presents the  whole  energy  exerted  by  the  substance  on  a  piston 
during  one  cycle  of  operations,  represents  also  the  heat  which  dis- 
appears; that  is,  the  difierence  between  the  heat  absorbed  by  the 
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substance  during  the  change  from  A  to  B,  and  the  heat  emitted 
during  the  change  from  D'  to  D ;  for  if  this  were  not  bo,  the  cycle 
of  operations  would  alter  the  amount  of  energy  in  the  universe, 
which  is  impossible. 

The  further  the  ordinate  Vj,  D  D'  is  removed  in  the  direction  of 
X,  the  smaller  does  the  heat  emitted  during  the  change  from  D"  to 
D  become;  and  consequently,  the  more  nearly  does  the  area 
A  C  B  D'  D  A  approximate  to  the  equivalent  of  the  heat  absorbed 
during  the  change  from  A  to  B;  to  which,  therefore,  the  area  of 
the  indefinitely  prolonged  diagram  M  A  C  B  N  is  exactly  equaL 
— Q.RB. 

It  is  easy  to  see  how  a  similar  demonstration  could  have  been 
applied,  mtUatia  mtUandisy  had  the  area  lain  below  the  curve  A  "M. 
It  is  evident  also,  that  when  this  area  lies,  part  above  and  part 
below  the  line  A  M,  the  difference  between  ihose  two  parts  repre- 
sents the  difference  between  the  heat  absorbed  and  the  heat  emitted 
during  different  parts  of  fclie  operation. 

Corollary. — The  difference  between  the  whole  heat  absorbed,  and 
the  whole  expansk-^  energy  exerted,  during  the  operaiion  represented 
by  any  curve,  such  as  A  C  B,  on  a  diagram  of  energy,  defends  on 
the  initial  and  final  conditions  of  the  substance  alone,  and  not  on  UiB 
intermediaie  process, 

(Demonstration.)  In  fig.  93,  draw  the  ordinates  AVj^,  BVu, 
parallel  to  O  Y.  Then  the  area  Vj,  A  C  B  Vb  represents  the 
energy  exerted  in  a  piston  during  the  operation  A  C  B;  and  it  is 
evident  that  the  difference  between  this  area  and  the  indefinitely 
prolonged  area  M  A  C  B  N,  which  represents  the  heat  received  by 
the  substance,  depends  simply  on  the  positions  of  the  points  A  and 
B,  which  denote  the  initial  and  final  conditions  of  the  substance  as 
CO  volume  and  pressure,  and  not  on  the  form  of  the  curve  A  C  B, 
which  represents  the  intermediate  process. — Q.KD. 

To  express  this  result  symbolically,  it  is  to  be  considered,  that 
che  excess  of  the  heat  or  actual  energy  received  by  the  substance 
above  the  expansive  power  or  potential  energy  given  out  and 
exeited  on  an  external  body,  such  as  a  piston,  in  passing  from  the 
condition  A  to  the  condition  B,  is  equal  to  the  whole  enei^  stored 
up  in  the  substance  during  this  operation,  which  consists  of  two 
parts,  viz. — 

Actual  energy ;  being  the  increase  of  the  actual  or  sensible  heat 
of  the  substance  in  passing  from  the  condition  A  to  the  condition 
B,  which  may  be  represented  by  this  expression, 

a-Q  =  Qb-Qa. 

Potential  energy;  being  the  power  which  is  stored  up  in  producing 
ehanges  of  molecidar  arrangement  during  this  process;  and  which, 


r 
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it  appears  from  the  theoiem  just  proved,  must  be  represented,  like 
the  actual  energy,  by  the  difference  between  a  function  of  the 
Tolmne  and  pressure  corresponding  to  A,  and  the  analogous  func- 
tion of  the  volume  and  pressure  corresponding  to  B  j  that  is  to  say^ 
by  an  expression  of  the  form 

A  S  =  Sb  -  S^ (1.) 

Let  H^B  =  areaMACBN 

represent  the  heat  received  by  the  substance  during  the  operation 
AC B,  and 

the  power  or  potential  enei^  exerted  on  a  piston, 
llien  the  theorem  of  this  Article  is  expressed  as  follows : — 

H^B- r*i^^^  =  QB-'QA+SB-S^  =  AQ  +  AS.....(2.) 

being  a  form  of  the  general  equation  of  the  expansive  action  of 
heat,  in  which  the  poterUial  of  molecular  action,  S,  remains  to  be 
determined. 

240.  T0uii  Aetaai  Heat. — ^Let  a  substance,  by  the  expenditure 
of  energy  in  friction,  be  brought  from  a  condition  of  total  privation 
of  heat  to  any  particular  condition  as  to  heat.  Then,  if  &om  the 
total  energy  so  expended,  there  is  subtracted — ^first,  the  mechanical 
work  performed  by  the  action  of  the  substance  on  external  bodies, 
through  changes  of  its  volume  and  figure,  during  such  heating; 
secondly,  the  mechanical  work  due  to  mutual  actions  between  the 
particles  of  the  substance  itself  during  such  heating;  the  remainder 
will  represent  the  energy  which  is  employed  in  mcSdng  the  substance 
hotf  and  which  might  be  made  to  reappear  as  ordinary  mechanical 
energy,  if  it  were  possible  to  reduce  the  substance  to  a  state  of 
total  privation  of  heat.  This  remainder  is  the  quantity  called  the 
total  actual  heat  of  the  substance;  being  the  total  energy,  or 
capacity  for  performing  work,  which  the  substance  possesses  in 
virtue  of  being  hot  It  is  not  directly  measurable;  but  its  value 
may  be  computed  from  known  quantities,  by  means  to  be  after* 
wards  explained.  When  a  homogeneous  substance  is  omlbrmly 
hot,  every  particle  of  it  is  equally  hot;  and  every  particle  is  hot  in 
virtue  of  a  condition  of  its  own,  and  independently  of  forces  exerted 
between  it  and  other  particles.  These  are  facts  known  by  experi- 
ence; and  they  lead  to  the  following  consequence : — that  when  the 
total  actual  heat  of  a  homogeneous  and  uniformly  hot  substance  is 
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considered  as  a  quantity  made  up  of  any  number  of  equal  parts,  all 
those  equal  parts  are  siinilarly  ciicumstanoed;  and  hence  follows — 

241.  The  SecMdl  Iaw  •£  TtMmadyMmlcs.^T/'  the  total  actual 

heat  of  a  homogeneous  amd  tmi/ormly  hot  substance  be  conceived  to  he 
divided  into  amy  number  of  equal  parts,  the  effects  of  those  parts  in 
causing  work  to  he  performed  are  equal, — This  law  may  be  con- 
sidered as  a  particular  case  of  a  general  law  applicable  to  eveiy 
kind  of  actual  energy,  that  is,  capacity  for  performing  work,  con- 
stituted by  a  certain  condition  of  each  particle  of  a  substance,  how 
small  soever,  independently  of  the  presence  of  other  particles  (such 
as  the  energy  of  motion).  The  symbolical  expression  of  the  second 
law  of  thermodynamics  is  as  follows : — Let  unity  of  weight  ot  a 
homogeneous  substance,  possessing  the  actual  heat  Q,  undergo  any 
indefinitely  small  change,  so  as  to  perform  the  indefinitely  small 
amount  of  work  d  TJ.  It  is  required  to  find  how  much  of  this 
work  is  performed  by  the  disappearance  of  heat.  Conceive  Q  to  be 
divided  into  an  indefinite  number  of  indefinitely  small  eqiial  parts, 
each  of  which  is  ^  Q.  Each  of  those  parts  will  cause  to  be  per- 
formed the  quantity  of  work  represented  by 

consequently  the  quantity  of  work  performed  by  the  disappearance 
of  heat  will  be 

Q-^*^^' (1) 

which  quantity  is  known  when  Q,  and  the  law  of  variation  of  dJJ 
with  Q,  are  known. 

2i2,  AlwolMte    Tenpenuire— (ipecMc    Heat,  WLtml  ami  Appareai. 

— TenvperaJbwre  is  a  function  depending  on  the  tendency  of  bodies  to 
communicate  the  condition  of  heat  to  each  other.  Two  bodies  are 
at  equal  temperatures,  when  the  tendencies  of  each  to  make  the 
other  hotter  are  equal  All  substances  absolutely  devoid  of  heat 
are  at  the  same  temperature.  Let  this  be  called  the  absoluie  zero 
of  heat;  and  let  the  scale  of  temperature  be  so  graduated,  that  for 
ft  given  homogeneous  substance,  each  degree  shall  correspond  to  an 
equal  increment  of  actual  heat*    This  mode  of  graduation  neces- 

*  The  mode  of  gradaation  above  described  leads  to  a  dynamical  scale  of  abeolnte 
ttmperatnres.  In  Article  201,  a  scale  of  absolute  temperatares  is  described,  fbnnded 
upon  the  elasticity  of  a  perfect  gas.  It  wis  anticipated  some  yeazs  ago,  by  certain 
theoretical  au:?  hypothetical  investigations,  that  the  scale  of  the  perfect  gas  thermo- 
meter would  be  foui;d  to  agree  with  the  d3'namical  absolute  thermometrfo  scale,  as  to 
the  length  of  its  degrees;  and  also  that  the  zeros  of  those  scales  would  be  found  to  be 
near  each  other,  if  not  coincident    Throughout  many  of  the  papers  r^ned  to,  the 

rmnlA  were  so  framed  as  to  oontahi  unknown  terms,  suited  to  provide  fior  the  possi* 
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taiilj  leads  to  the  same  scale  of  temperature  for  all  substances. 
For  if  two  substances  A  and  B  be  at  equal  temperatures  when  they 
possess  respectively  two  certain  quantities  of  actual  heat  Q^  and  Qb, 
then  if  each  of  those  quantities  of  actual  heat  be  divided  into  the 
same  number  of  equal  parts  n,  the  tendency  of  the  substance  A  to 
communicate  heat  to  B^  arising  from  any  one  of  the  nth  parts  of 
Qa,  musty  from  the  property  of  actual  heat  already  mentioned,  be 
equal  to  the  tendency  of  B  to  communicate  heat  to  A,  arising  from 
any  one  of  the  nth  parts  of  Qb;  from  which  it  follows,  that  so  long 
as  the  quantities  of  actual  heat  possessed  by  the  two  substances  are 
in  the  rdiio  Q^  :  Qb,  their  temperatures  are  equal,  independently 
of  the  absoltiie  amotmta  of  those  quantities.  The  amount  of  actuid 
heat,  expressed  in  units  of  work,  which  corresponds,  in  a  given 
substance,  to  one  degree  qfahsoltUe  temperature,  is  the  real  di/ncMnical 
ipecific  lieai  of  that  substance,  and  is  a  constant  quantity  for  all 
temperatures.  The  total  quantity  of  mechanical  energy  required  to 
raise  the  temperature  of  unity  of  weight  of  a  substance  by  one 
degree,  generally  includes,  b^des  the  real  specific  heat,  work 
performed  in  overcoming  molecular  forces  and  external  pressures. 
This  is  the  appcvrenJt  dynamical  specific  heat;  and  may  be  constant 
or  variable.  Joule's  equivalent  is  the  apparent  dynamical  specific 
heat  of  liquid  water  at  and  near  its  maximum  density;  and  it  is 
probably  equal  sensibly  to  the  real  specific  heat  of  that  substance. 
The  real  specific  heat  of  each  substance  is  constant  at  all  densities^ 
80  long  as  the  substance  retains  the  same  condition,  solid,  liquid,  or 
gaseous;  but  a  change  of  real  specific  heat,  sometimes  considerable,, 
often  accompanies  the  change  between  any  two  of  those  conditions. 
From  the  mutual  proportionality  of  actual  heat  and  absolute  tem- 
perature, there  follows — 

243.  The  SecMidi  iiaw  vt  ThcnnadTwuMics,  expTceeed  tffiih  refer- 
tnce  to  ABSOL17TE  TEMPEBATUBE.  1/  ike  obsolute  temperature  of  amy 
uniformly  hot  substance  be  divided  into  omy  number  of  equal  paHSj 
^  effects  of  those  parts  in  causing  vxyrk  to  he  performed  are  equal. 
This  law  is  expr^sed  algebraically  as  follows : — ^from  the  relation 
hetween  absolute  temperature  (r),  and  actual  heat  (Q),  it  follows 
that 

^dr^^dO: 

consequently  the  expression  1,  for  the  work  performed  by  the  dis- 
appearance of  heat,  is  transformed  into 

iMlitT  of  a  sflorible  difference  between  thoM  zeroe.  Bat  as,  acoording  to  the  latest 
ind'best  experiments,  no  inch  appreciable  difference  has  been  fonnd,  the  zero  and 
•cale  of  the  perfect  gas  thermometer  maj  be  treated  as  sennbly,  if  not  exactly,  coin- 
ddent  with  the  dynamical  abeohite  aero  and  absolute  thermometric  scale. 
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.(1.) 


This  expression  is  applicable,  not  merely  to  homogeneous  sub 
stances,  but  to  heterogeneous  aggregates. 

When  the  expressions  1  of  Articles  241  and  243  are  negative 
thej  represent  heat  which  appears  in  consequence  of  the  ex 
penditure  of  mechanical  work  in  altering  the  condition  of  i 
substance. 

The  first  and  second  laws  virtually  comprise  the  whole  theory  oj 
thermodynamics. 

244.   Secoad  I^aw,  BeprMeated  OnpUcallf  . — ^ThEOBEV.      In  fiq 

94,  20^  A^  Aj  M,  B^  Bg  N,  he  any  two  adiabaiie  curves,  tjidefinUel^ 
extended  in  t/ie  directum  o/X,  intersected  in  the  paints  A^,  Bj,  Aj,  Bg 
by  two  isothermai  curves,  Q^  A^  B^  Q^,  Qj  A^  B^  Q.^  tohtch  corre 
spond  to  two  dbsoltUe  temperatures,  Tj^  and  r^  differing  by  the  quantity 

Tj  -  Tg  =  A  T. 

Then  the  quadrilateral  area,  A,  R  B.  A2,  bears  to  the  tchdi 
indefinitdy  prolonged  area  M  A  S^  Is,  me  same  proportion  u^ich 
the  difference  of  temperature  a  r  tears  to  the  whole  absolute  tefnpero' 
ture  r;  or 


At 


.(1.) 


B^Y^ 


area  A^  B^  Bg  Aj 
areaMAiBi'N" 

(Demonstration.)    Draw  the  ordinates  A^  V^,,  A,  V^  B^  Vn^- 
"        Suppose,  in  the  first  place,  that  zk  t  is  an  aliquot  part  oi 

T,  obtained  by  dividing  the 
latter  quantity  by  an  in- 
teger n,  which  we  are  at 
liberty  to  increase  without 
limit. 

The  entire  indefinitely 
prolonged  area  M  Aj  B^  X 
represents  a  quantity  of 
heat  which  is  converted 
into  mechanical  energy 
during  the  expansion  of 
the  substance  from  Y^i  to 


^ 


Fig.  94- 


Vr„  in  consequence  of  the  continued  presence  of  the  absolute  tem- 
jwrnturo  Tj.  Mutatis  mutandis,  a  similar  statement  may  be  made 
rwi|Micting  the  area  M  A^B^  N.  (By  increasing  without  limit  the 
nuuib<«r  n,  and  Himiniftlnng  a  r,  we  may  make  the  expansion  from 
^At  ^  Ym  as  nearly  as  we  please  an  identical  phenomenon  with 
the  expansion  from  Y^i  to  Ygj.)  The  quadrilateral  A^  K  B^  i« 
I'epreaents  the  diminution  of  conversion  of  heat  to  medianicsl 


LATENT  HEAT  OF  EXPANSION — THERMODTNAUIC  FUNCTIONS.      309 

energy,  wliicli  results  from  the  abstraction  of  any  one  whatsoever 
of  the  n  equal  parts  a  t  into  which  the  absolute  temperature  is 
supposed  to  be  divided,  and  it  therefore  represents  the  effect, 
in  conversion  of  heat  to  mechanical  energy,  of  the  presence  of 
any  one  of  those  parts.  And  as  all  those  parts  a  r  are  similar 
and  similarly  circumstanced,  the  effect  of  the  presence  of  the 
whole  absolute  temperature  r^  in  causing  conversion  of  heat  to 
mechanical  energy,  will  be  simply  the  sum  of  the  effects*  of  all 
its  parts,  and  will  bear  the  same  ratio  to  the  effect  of  one  of  those 
parts  which  the  whole  absolute  temperature  bears  to  the  part. 
Thus,  by  virtue  of  the  general  law  enunciated  below,  the  theorem 
is  proved  when  a  t  is  an  aliquot  part  of  r^ ;  but  a  t  is  either  an 
aliquot  part,  or  a  sum  of  aliquot  parts,  or  may  be  indefinitely 
approximated  to  by  a  series  of  aliquot  parts;  so  that  the  theorem 
is  universally  true. — Q.  E.  D. 

A  symbolical  expression  of  this  theorem  is  as  follows : — When 
the  absolute  temperature  t^,  at  any  given  volume,  is  varied  by  the 
indefinitely  small  quantity  I  t,  let  the  pressure  vary  by  the  indefi- 
nitely small  quantity  ~=^  ^  t;  then  the  area  of  the  quadrilateral 
Aj  Bj^  Bg  Aj  will  be  represented  by 


•/ 


Vadr 


and  consequently,  that  of  the  whole  figure  M  A^  B^  N,  or  the 

LATENT  HEAT  OF  EXPANSION  from  Va,i  to  Yb.  „  at  r^  by 


.  =  H,  =  .,/;;^^.; (2.) 


a  result  substantially  identical  with  that  expressed  in  equation  1  of 
Article  243,  whenp  dvia  put  for  d  U. 

The  demonstration  of  this  theorem  is  an  example  of  a  speda] 
application  of  the  following 

Genesal  Law  of  the  Tbansformation  of  Energy. 

The  effect  of  the  presence  in  a  eithstance,  of  a  qwamiHty  of  adiud 
energy^  in  cattsing  traneformcUion  of  energy,  is  the  sum  of  tJie  effects 
of  aU  its  parts; 

a  law  first  enunciated  in  a  paper  read  to  the  Philosophical  Society 
of  Glasgow  on  the  5th  of  Januaiy,  1853. 

245.  Of  lieirt  P«ieatteb  rad  Th«rai«dnuMtlis  FaBctloaa. — The 
second  law  of  thermodynamics  may  also  be  expressed  in  the  follow- 
ing form: — The  toork  performed  by  (he  disappearance  of  heat  during 
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way  vnd^nUdy  small  varicUion  in  the  state  of  a  substance,  is  expressed 
by  the  product  of  the  absolute  temperaiure  into  the  vcKriation  of  a  cer- 
tain Junction,  which  function  is  the  raJte  of  variation  of  the  ^ecUve 
VDork  performed  with  temperature;  tiiat  is  to  say,  make 

dr  ' 

then  the  work  peifoimed  by  the  disappearance  of  heat  is 

rd^ (1.) 

This  function  F  has  been  called  the  heat  potential  of  the  given 
sabstance  for  the  kind  of  work  under  consideration. 

Now  let  the  substance  both  peiform  work  and  undergo  a  varia- 
tion of  absolute  temperature  d  r,  and  let  it  denote  its  real  dynamical 
specific  heat.  The  whole  heat  which  it  must  receive  from  an 
external  source  of  heat,  to  produce  those  two  effects  simultaneously, 
is 

Jdh  =  dK  =  ^dT  +  rdF^rd  0} (2.) 

in  which 

4>  =  ft  •  hyp  log  r  +£5 (3.) 

^  is  called  the  thermodynamic  Junction  of  the  substance  for  the 
kind  of  work  in  question;  and  in  some  papers,  the  heatf€u:tor. 
The  equation  (2)  is  the  general  equation  of  thebhodtnamics, 
which  we  shall  proceed,  in  the  sequel,  to.  apply,  by  determining  the 
thermodynamic  function  for  each  particuhur  case. 

In  determining  that  function,  it  is  to  be  observed,  that  the  func- 
tion U,  representing  the  work  performed  by  the  kind  of  change 
under  contemplation,  is  first  to  be  investigated  as  if  the  temperature 
were  constant,  and  tiien  the  law  of  its  variation  with  absolute  tem- 
perature found 

The  property  of  an  adiabatio  curve  is  expressed  by  c?  •  H  =  0; 
from  which  it  is  evident,  that  for  such  a  curve,  d^^zO;  that  is  to 
B&j.for  a  given  adiabatic  curve,  the  ikermodynamdc  function  has  a 
constant  value,  proper  to  that  curve. 

In  fig.  94,  Article  244,  the  indefinitely  extended  area  between 
the  isothermal  curve  Q^  Qj,  and  the  two  adiabatic  curves  Aj  M, 
£2  ^9  ^  ^be  product  of  the  absolute  temperature  proper  to  the 
isothermal  curve  into  the  difference  between  the  thermodynamic 
functions  proper  to  the  adiabatic  curves. 

Section  2. — Eacpansive  Action  of  Heat  in  Fluids. 
246.  cicMni  lAws  mm  ApvUcidi  %m  viaidte. -^  In  representing 
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graphically  the  genearal  laws  of  thermodynamics,  the  illustrations 
alr^dy  employed  in  Articles  238,  239,  and  244,  have  heen  taken 
from  the  changes  of  pressure  and  volume  of  fluids  as  affected  by 
heat.  It  is  to  be  borne  in  mind,  however,  that  the  general  laws 
are  applicable  to  the  relations  which  heat  bears  to  the  energy  of  all 
kinds  of  elastic  forces,  as  well  as  to  the  simple  expansive  pressure 
exerted  by  fluids.  In  the  expression  for  work  performed  against 
Bome  external  resistance, 

dJT  =p  dv, 

d  V,  instead  of  an  elementary  increase  of  the  vdkbTM  of  a  substance, 
solid  or  fluid,  may  represent  an  elementary  part  of  the  motion 
which  takes  place  amongst  its  particles,  as  it  returns  to  its  original 
figure  after  having  been  distorted,  and  p,  the  force  with  which  it 
tends  to  recover  its  original  figure;  in  which  case,  v  m&j  still  be 
represented  by  the  absossa,  and  p  by  the  ordinate  of  a  diagram  of 
energy,  and  p  dv  hj  «n,  elementary  portion  of  the  area  of  thai 
diagntm. 

Inasmuch,  however,  as  aU  known  heat  engines  perform  work  by 
means  of  the  changes  of  pressure  and  volume  of  fluids  alone,  it  is 
unnecessary  in  this  treatise  to  do  more  than  to  refer  in  general 
terms  to  the  special  application  of  the  laws  of  thermodynamics  to 
the  elasticity  of  solids. 

In  the  present  section  will  be  considered  the  more  important  of 
their  special  applications  to  the  elasticity  of  fluids. 

Let  V  denote  the  volume  in  cubic  feet  occupied  by  a  given  mass 
of  any  fluid,  whether  liquid  or  gaseous,  enclosed  in  a  vessel  of 
variable  capacity  (such  as  a  cylinder  with  a  piston);  p  the  pressure, 
or  effort  to  expanct,  which  the  fluid  exerts  against  the  interior  of 
the  vessel,  in  pounds  per  square  foot ;  then,  as  in  Articles  6,  43,  &c.f 
will  pdv  denote  the  external  work  in  foot-pounds  performed  by 

the  fluid  during  an  indefinitely  small  expansion  d  v,  and  I  pdv  the 

external  work  performed  during  any  finite  expansion,  the  relation 
between  p  and  v  being  fixed  by  the  circumstances  of  the  case.  To 
find  the  thermodynamic  function  for  the  expansion  of  a  fluid,  the 
pressure  ^  is  to  be  expressed  in  the  form  of  a  function  of  the  volume 
V,  and  absolute  temperature  r,  and  the  general  value  of  the  integral 


JJ=fpdv, 


found  on  the  supposition  that  r  is  constant ;  then  the  thermody« 
namic  function  will  be 


(P: 


=  ft-hyplogT  +  /|^rfi; G) 
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The  second  term  of  this  expression  is  represented  graphicall  j,  asf 
in  fig.  94,  by  the  limiting  ratio  of  the  area  of  the  band  A^  B^  B^  A, 
to  the  dififerenoe  between  the  absolute  temperatures  corresponcUng 
to  the  upper  and  lower  edges  of  that  band. 

Applying  the  thermodynamic  function  to  the  determination^  in 
foot-pounds,  of  the  whole  quantity  of  heat  d  H,  which  must  be 
communicated  to  one  potmd  of  the  fluid  in  order  to  produce 
simultaneously  the  indefinitely  small  variation  of  temperature  d  «*, 
and  the  indefinitely  small  variation  of  volume  dv,  we  find, 

which  is  the  general  equation  of  the  expansive  action  of  heat  in  a 
fluid. 

If  this  expression  be  analyzed,  it  is  found  to  consist  of  the  fol- 
lowing parts: — 

I.  The  variation  of  the  actual  heat  of  unity  of  weight  of  the  fluid 
hdr. 

II.  The  heat  which  disappears  in  producing  work  by  mutual 
molecular  actions  depending  on  change  of  temperature  and  not  on 
change  of  volume, 

rv  d^p 


i: 


J  Adv'dr. 


The  lower  limit  of  this  integral  is  made  to  correspond  to  the 
state  of  indefinite  rarefaction;   that  is,  of  perfect  gas,  in  which 

those  actions  are  null.     Let  D  r=  >  be  the  density,  or  weight  of 

unity  of  volume  of  the  fluid;  then  we  have,  as  a  more  convenient 
form  of  the  integral, 

d^p 


r  p^dv^^l^'dT^'diy (3.) 


HI.  The  latent  heat  of  expansion, — ^tbat  is,  heat  which  dis- 
appears in  performing  work,  partly  by  the  forcible  enlargement  of 
the  vessel  containing  the  fluid,  partly  by  mutual  molecular  actions 

depending  on  expansion,  r  -7^  d  v. 

The  heat,  expressed  in  units  of  work,  which  must  be  communi- 
cated to  unity  of  weight  of  a  fluid  to  produce  any  given  finite 
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dianges  of  temperature  and  volume,  is  found  by  integrating  the 
expression  2.  Now  that  expression  is  not  the  exact  diSerential  of 
any  function  of  the  temperature  and  volume;  consequently  its 
integral  does  not  depend  solely  on  the  initial  and  final  condition  of 
the  fluid  as  to  temperature  and  volume,  but  also  upon  the  mode  of 
intermediate  variation  of  those  quantities.  The  graphic  represen- 
tation of  that  integral  is  the  indefinitely  prolonged  area  M  A  C  B  N 
b  fig.  93. 

247.  latrinsic  Encrgr  of  a  Fluid. — Another  mode  of  analyzing 
the  expression  2  of  Article  246  is  as  follows : — 

L   The  variation  of  actual  heat,  as  before,  kdr, 

IL  The  external  work  performed,  fdv,  represented  by  an  ele- 
mentary vertical  band  of  the  area  Ya  A  C  B  Vb,  fig.  93. 

IIL  The  irUemal  toork  performed  in  overcoming  molecular  foix^es, 
viz.: — 

Now  this  last  quantity  is  the  exact  difierential  of  a  function  of  the 
temperature  and  volume,  viz. : — 


-CM-')''-^ w 


A  given  value  of  S  expresses  the  work  required  to  overcome  mole- 
cular forces,  in  expanding  unity  of  weight  of  a  fluid  from  a  given 
state,  to  that  of  perfect  gas;  and  the  excess  of  the  actual  heat  of 
the  fluid  above  this  quantity,  or 

fer-S, (lA.) 

is  the  irUrinsic  energy  of  the  fluid,  or  the  energy  which  it  is  capable 
of  exerting  against  a  piston,  in  changing  from  a  given  state  as  to 
temperature  and  volume,  to  a  state  of  total  privation  of  heat  and 
indefinite  expansion.  In  ^g,  93,  the  values  of  the  intrinsic  energy 
of  the  fltiid  in  the  conditions  A  and  B  are  represented  respectively 
by  the  indefinitely  prolonged  areas  X  Ya  A  M,  X  Yb  B  N.  The 
quantity  above  denoted  by  S  is  the  same  with  that  denoted  by  the 
same  symbol  in  Article  239.  Let  the  suffixes  a,  (,  denote  the 
states  of  the  fluid  at  the  beginning  and  end  of  any  given  series  of 
changes  of  temperature  and  volume,  and  H^  j,  the  supply  of  heat 
from  an  exteniial  source  necessary  to  produce  those  changes,  ex- 
pressed  in  foot-pounds;  then 

H^»-f*;,dr  =  (kr-S).-(ltr-S).; (2.) 

tliat  is  to  say,  the  excees  of  the  heat  dbeorhed  above  the  external  work 
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performed  %8  eqrud  to  His  increase  of  the  intriruic  energy;  so  that  tHL 
excess  descends  on  the  initial  and  final  states  only,  as  already  sho^vrz 
in  Article  239. 

248.   ISzprcMlMi  •€  tke  Thcm^dTMiailc  Vaacttoa  ta  Tchm  •Tafcc 

Tempenonw  rad  Pimmm. — ^The  Tolume  of  nnity  of  weight  of  a 
fluid  Vy  its  expansive  pressure  py  and  its  absolute  temperature  «-, 
form  a  system  of  three  quantities,  of  which,  when  anj  two  ajne 
given,  the  third  is  determined.  In  the  preceding  Articles,  tlic 
volume  and  temperature  are  taken  as  independent  variables,  and 
the  pressure  is  expressed  as  a  fdnction  of  them.  In  some  investi- 
gations  it  is  convenient  to  take  the  preesure  and  temperature  as  in- 
dependent variables,  the  volume  being  expressed  as  their  function. 
The  following  expression  of  the  thermodynamic  function  in  term^ 
of  this  pair  of  independent  variables  is  taken  from  an  unpublished 
paper,  which  has  been  in  the  hands  of  the  Royal  Society  of  Edin- 
burgh since  1855  (see  their  Proceedings  for  1855,  p.  287).  Let  tq,  as 
before,  be  the  absolute  temperature  of  melting  ice;  p^  v^,  the  pro- 
duct of  the  pressure  and  volume  of  unity  of  weight  of  the  fluid,  in 
the  perfectly  gaseous  state,  at  that  temperature  (of  which  quantity 
examples  are  given  in  Table  II.,  at  the  end  of  the  volume);  then 

,=  (ft.^_^)hyplog.-/;|?.«.p (1.) 

By  the  aid  of  the  above  equation,  and  of  the  following  well  known 
theorem: — 

f%dv^r'vdp-\^p^v^--p.v^ (2-) 

all  the  equations  of  the  preceding  sections  are  easily  transformed. 
The  graphic  representation  of  the  quantity  denoted  by  the  second 

term  of  equation  1  is  of  the  fol- 
lowing kind  (see  fig.  95): — ^Let 
abscisss  measured  along  O  X 
represent  volumes  occupied  by 
one  pound  of  the  substance.  Let 
ordinates  parallel  to  O  T  repre- 
sent pressures  exerted  by  it  It 
is  required  to  find  the  second 
term  of  the  thermodynamic  func- 
tion for  the  condition  of  the 
substance  corresponding  to  the 
point  A^  on  the  diagram,  whose  co-ordinates  are  O  V^  =  «,  and 
OP  =  Vi  Aj  a=r  p ;  the  absolute  temperature  being  t.  Let  A,  Tj  be 
the  isothermal  curve  of  t.  Then  the  indefinitely  extendea  area 
X  OP  Aj  Ti  is  what  is  represented  by 
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f 


0        ^ 


Let  A2  T2  be  the  isothermal  curre  corresponding  to  the  absolute 
temperature  r  -  A  t,  and  cutting  A^  P  ||  O  X  in  Ay  Then  the 
mubol 

a  p 


J  0 


0  d  r 
lepresentB  the  limit  towards  which  the  quotient 

areaTgAgA.T^ 

A'- 

approximates,  when  A  r  is  indefinitely  diminished. 

Bj  using  the  form  of  the  thermodynamic  function  explained  in 
this  Article,  the  general  equation  of  tibe  expansiye  action  of  heat  in 
a  fluid  is  made  to  take  the  following  form : — 

dv  . 
-^Tr^P> (3) 

a  form  which  is  conyenient  in  cases  where  the  pressure  and  its 
mode  of  YSiiation  are  amongst  the  primaiy  data  of  the  problem. 
It  will  be  shown  in  a  subsequent  Article,  that  the  constant  part 

of  the  co-efficient  of  (^  r,  is  the  dynamical  specific  lieat  o/tlie  fluid, 
m  the  iUUe  of  perfect  gcu,  under  a  conetarU  pressure. 

249.  PriMfpia  ARpUcatloas  of  the  Iaws  of  the  Kxpwtsire  Action 

•THciit, — The  relation  between  the  temperature,  pressure,  and 
volume  of  one  pound  of  any  particular  substance  being  known  by 
experiment,  the  principles  of  the  preceding  Articles  serve  to  com- 
pute the  quantity  of  heat  which  will  be  absorbed  or  rejected  by  one 
pound  of  that  substance  under  given  circumstances;  and  conversely, 
in  some  cases  when  the  quantities  of  heat  absorbed  or  rejected 
Tmder  given  circumstances  are  known  by  experiment,  the  same 
prindprn  serve  to  determine  i-elations  between  the  temperature, 
pressure,  and  density  of  the  substance.  The  chief  subjects  to  which 
the  principles  of  the  expansive  action  of  heat  are  applicable,  are 
the  following; — ^Eeal  and  apparent  specific  heat;  the  heating  and 
cooling  of  gases  and  vapours  by  compression  and  expansion;  the 
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velocity  of  sound  in  gases;  the  free  expansion  of  gases;  the  flow  of 
gases  through  orifices  and  pipes;  the  latent  and  total  heat  of  eva- 
poration of  fluids,  the  latent  heat  of  fusion;  the  efl&cieucy  of 
thermodynamic  engines.  The  last  of  those  subjects  is  that  to  which 
this  treatise  specially  relates ;  but  in  order  to  make  it  intelligible, 
it  is  necessary  in  the  first  place  to  give  a  summary  of  the  principles 
of  the  subjects  enumerated  before  it 

250.  Bcai  and  AppareMt  Mpeciiic  Heat.— These  terms  have  been 
explained  in  a  previous  Article.  The  symbolical  expression  for  the 
apparent  specific  heat  of  a  given  substance,  stated  in  units  of  work 
per  degree  of  temperature  in  unity  of  weight,  is  as  follows : — 

dJJ 

Jc  =  K  =  ^  =  .4li=ft  +  Z4L (1) 

(It  a  t  dr 

In  which  the  term  It  is  the  real  specific  heat,  or  that  which  actually 
makes  the  substance  hotter,  being  a  constant  quantity;  while  the 
other  term  represents  the  heat  which  disappears  in  performing 
work,  internal  and  external,  for  each  degree  of  rise  of  temperature. 

The  co-efficients  -^ —  and  d  r  ,    represent    respectively    the 

dr 
complete  rates  of  variation  with  temperature  of  the  thermodyna- 
mic function  and  heat-potential,  under  the  circumstances  of  the 
particular  case.  With  respect  to  liquids  and  solids,  it  is  impossible 
to  regulate  artificially  the  mode  of  variation  of  the  thermodynamic 
function  to  an  extent  appreciable  in  practice.  For  substances  in 
these  states,  the  apparent  specific  heat  increases  with  rise  of  tem- 
perature at  a  rate  which  is  slow,  but  which  appears,  as  theory 
would  lead  us  to  expect,  to  be  connected  with  the  rate  of  expan- 
sion. For  gases,  the  mode  of  variation  of  the  thermodynamic 
function  with  temperature  may  be  regulated  artificially  in  an  arbi- 
trary manner,  so  as  to  vary  the  apparent  specific  heat  in  an  inde- 
finite number  of  ways.  It  is  customary,  however,  to  restrict  the 
term  "  Specific  heat "  in  speakitig  of  gases,  to  two  particular  cases; 
that  in  which  the  volume  is  maintained  constant  during  the  varia- 
tion of  temperature,  and  that  in  which  the  pressure  is  maintained 
constant,  as  formerly  explained  in  Article  210.  The  specific  heat 
at  constant  volume,  is  expressed  as  follows,  in  units  of  work  per 
degree,  being  deduced  from  the  expression  for  the  thennodynamic 
function  in  Article  246,  equation  1 : — 

Jc,  =  K.  =  *  +  r  /"  ^dv. (2.) 
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For  a  theoretically  perfect  gas, 

K,  =  fc (2  a.) 

The  specific  heat  under  constarU  pressure,  deduced  from  the  expres- 
sion for  the  thermodynamic  function  in  Article  248,  equation  1, 
in  as  follows  : — 

,.,,K,.k  +  t^-,{l^.a^ (S.) 

Forapeifectgas, 

K,  =  Jt+2^«, (3a.) 

being  simply  the  real  specific  heat  increased  by  the  work  performed 
by  unity  of  weight  of  the  gas  in  undergoing,  at  any  constant  pres- 
sure, the  expansion  corresponding  to  one  degree  of  rise  of  tempera- 
ture ;  a  quantity  of  work  which  is  constant  for  a  given  perfect  gas 

under  all  circumstances.  The  quantities  -t-^  and  -r-;^,  represent- 
ing the  deviation  of  the  laws  of  the  elasticity  of  actual  gases  from 
those  of  the  ideal  condition  of  perfect  gas,  are  so  small,  that  their 
effects  on  apparent  specific  heat,  though  cdUndahU,  fall  within 
the  probable  limits  of  errors  of  observation  in  the  direct  experi- 
ments hitherto  made  on  the  specific  heat  of  the  more  conmion 
gases,  such  as  air  and  carbonic  acid.  Referring,  therefore,  to  the 
detailed  papers  already  cited  in  the  Traiis,  of  dU  Royal  Society  of 
Edinburgh,  voL  xx.,  for  computations  of  the  effects  of  such  devia- 
tions, it  will  be  sufficient  for  practical  purposes  to  consider  the 
specific  heats  of  gases  as  represented  by  the  formulae  2  a  and  3  a. 
The  specific  heats  of  gases,  as  expressed  in  the  customary  way,  by 
their  ratios  to  that  of  water,  are  found  by  dividing  the  quantities 
in  these  formulae  by  Joule's  equivalent  (J),  and  may  be  thus  ex- 
pressed:— 

c.  =  5^;  <v  =  -f (4.) 

Examples  of  specific  heat,  stated  in  both  ways,  are  given  in  Table 
II.,  at  the  end  of  the  volume.  Before  the  period  of  M.  Regnault's 
experiments  on  a  great  variety  of  gases  and  vapours,  published  in 
the  Comptes  Bendus  for  1853,  no*  trustworthy  direct  experimental 
determination  of  the  specific  heat  of  any  gas  or  vapour  existed,  ex- 
cept an  approximate  determination  by  Mr.  Joule,  made  in  1852,  of 
the  specific  heat  of  air ;  for  the  results  formerly  relied  upon  have 
been  shown  to  be  erroneous.  In  one  of  the  papers  referred  to  in 
the  preceding  Article,  however  {Edinburgh  TransacUonSy  1850),  tho 
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dynamical  specific  heats  of  air  had  been  computed  from  the  follow* 
mg  data : — 

Po  Vq,  from  M.  Eegnault's  experiments  26214  foot-pounds,     t^  -= 
493°-2  Fahrenheit 

.-.  Ky  —  K^  :=:^^^  =  53-15  fbot-pounds  per  degree  of  Fahnen- 

heit ;  being  the  energy  exerted  by  one  pound  of  air  in  undergoing, 
at  a  constant  pressure,  the  expansion  corresponding  to  one  degree 
of  rise  of  temperature,  and  the  mechanical  equivalent  of  the  latent 
heat  of  expansion  of  the  air  under  those  circumstances,  which 
(as  stated  in  Article  212)  is  0*069  of  a  British  thermal  xmit,  = 
5315 
lYT 

y  =  ■=^j  as  deduced  from  the  velocity  of  sound  in  air,  assumed 

in  the  paper  referred  to  as  approximately  =  1  '4 ;  but  a  more  exact 

value  is  1-408.     Consequently, 

K^  j=z^—^  .  .    =  O'lOR  ~  130*3  foot-pounds  per  d^pnee 

of  Fahrenheit. 

^  ^  ^Po^o  ^  _y      ^  ^3.^^  ^  1;408  ^  130.3  +  53.15  ^  183-45 
To      y  —  1  U*40o 

foot-pounds  per  degree  of  Fahrenheit.  Hence  is  deduced  the  fol- 
lowing ratio  of  the  specific  heat  of  air  imder  constant  pressure  to 
that  of  water, 


^-5L-iS3-45_, 


c,  according  to  M.  Eegnault's  experiments,  published ) 

in  1853, |_0^237£^ 

Difierence, 0-0002 

*  In  the  caleolation  pabliahed  in  1850,  y  waa  aasamed  =  1*4,  and  Cp  waa  com- 
puted aa  =  0*24 ;  but  the  calculation  just  given  bemg  founded  on  a  more  accurate 
value  of  y,  ia  of  couzee  to  be  preferred  aa  a  teat  of  the  dynamical  theory  of  heat  Mr. 
Joule*8  approximate  determination  in  1862  was  0*28.  According  to  the  dynamical 
theory  of  heat,  the  apparent  apecific  heat  of  a  gaa  under  constant  pressure  is  samUy 
the  same  at  all  prestures  and  tmperatvrea,  if  the  gas  is  nearly  parfect.  Aooordiog 
to  the  hypothesis  of  suUtantial  catoric,  that  specific  heat  dimmishes  a$  th€  presnre 
increases,  according  to  a  law  which  is  stated  in  many  treatises  on  physics,  even  of  the 
most  recent  dates  (in  some,  mdeed,  aa  confidently  as  if  it  were  an  observed  fact>  The 
experiments  of  H.  Regnault,  by  which  the  specific  heat  of  air  under  constant  presian 
waa  determined  at  various  temperatures  from — 22**  Fahr.  up  to  487®  Fahr.,  and  at 
▼arioua  pressures  of  from  one  to  ten  atmospheres,  and  found  to  be  aeoaibly  the  same 
imder  all  these  dicnmstances,  ooDStitote  ^experimentacmda''  coadamt  against 
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251.   BEeaslnir  aad  C^oUag  of  OaMs  mid  Tapoan  hj  CoaipreMion 

Kxpaa«ioa.— If  a  substance  wholly  or  partially  in  the  state  of 
gas  or  vapour  be  enclosed  in  a  vessel  which  does  not  conduct  any 
appreciable  amount  of  heat  to  or  from  the  substance,  then  the  com- 
pression and  expansion  of  the  substance  through  valuations  of  the 
volume  of  the  vessel  will  produce  respectively  heating  and  cooling, 
according  to  a  law  expressed  by  the  condition,  that  the  thermo- 
dynamic  Junction  is  constant. 

The  following  equations  contain  two  modes  of  expressing  this 
condition,  deduced  from  the  expressions  in  Articles  246  and  248 
respectively : — 

it  hyp  log  T  +  J     ^  dv  =  constant, (1.) 

(  k  +  ^0^  ijyp  i^jg  r—  j^~^dp  =  constant,...(2.) 

and  each  of  those  is  the  equation  of  an  ctdiabatic  cwrve. 
For  a  perfect  gas,  we  have 


^  =  :P^».  and  —  ==^^- f3) 


hence  let  pj^  Vj^  correspond  to  one  given  absolute  temperature  t^, 
and  P2  V2  to  another  given  absolute  temperature  r^ ;  then  for  a  per- 
fect gaj»,  or  a  gas  sensibly  perfect, 


-1    ,      a: 


Tj  V2  y  Pi 


.(4.) 


These  equations  give,  for  the  law  of  expansion  of  a  perfect  gas, 
without  receiving  or  emitting  heat,  the  following  relation  between 
the  pressure  and  the  volume, 

1> «  ^> i^') 

and  this  is  the  simplest  form  of  the  equation  of  an  adiabatic  curve 
for  a  perfect  gaa.  The  values  of  the  several  exponents  in  equations 
4  and  5  for  aib  are, 

that  **  idolon  fori,''  the  hypothesis  of  caloric.  Those  experiments  also  afibrd  evidence 
of  the  fact,  that  the  scale  of  the  air  thermometer  sensibly  agrees  with  that  of  absoluta 
temperatmes. 
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y  ss   1-408 

y  —  1  =  0-408 


1 


=  2-451 


y  — 1 

~l  =  3-4SI 

1 

—     =  071 
y 

y— 1 

=  0-29 


For  STEAM  in  the  perfectly  gaseous  state,  taking  (as  in  Article 
202,  equation  4),  p^  Vq  =  42141,  and  according  to  M.  Il^;nAult's 
experiments,  K,  =  772  x  0-48  =  371,  we  find, 

7=1-3;  7  —  1=0-3; 
1 , .  _y , 


1  7  —  1 

-  =  077;  —^  =  0-23. 

In  the  experiments  of  MM.  Him  and  Cazin,  the  value  of  y  ~  7 
—  1  ranged  from  4-23  to  4-47.  {Annalea  de  ClUmie,  1867,  voL  x.; 
These  values,  however,  are  not  so  certain  as  those  of  the  corre- 
sponding quantities  for  air.  From  equation  1  is  easily  deduced  the 
law  of  tiie  variation  of  the  pressure  with  the  volume  of  any  fluid, 
whether  perfectly  gaseous  or  not,  enclosed  in  a  non-conducting 
vessel,  viz. : — the  rate  of  variation  of  the  pressure  with  the  volume 
when  the  fluid  is  endosed  in  a  norirconducting  vessel,  exceeds  the  rate 
of  va/riation  token  the  temperaiv^e  is  constant^  in  tits  ratio  of  the 
apparent  speciHc  heai  of  the  fluid  at  constant  pressure  to  its  apparent 
specific  heat  at  constant  volume : — a  law  expressed  symbolically  as 
foUowg  ; — 

dp 
d^v-'-^'dl <«•) 
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For  a  perfect  gas  this  becomes^ 

as  equation  5  also  shows.  The  cooling  of  air  \j  expansioii  has 
been  applied  to  practical  purposes  by  Dr.  Gorrie,  Professor  Piazzi 
Smyth,  Mr.  Kirk,  and  other  inventors. 

i52,  Telocity  of  Sonnd  la  Gnme»»* — The  velocity  of  sound  in  any 
fluid  is  well  known  to  be  equal  to  that  acquired  by  a  heavy  body 
in  £Edling  through  one-half  of  the  height  which  represents  the  varia- 
tion of  the  pressure  of  the  fluid  with  its  density  during  a  sudden 
change  of  density.  That  is  to  say,  let  a  be  the  velocity  of  sound 
in  feet  per  second,  g  the  accelerating  force  of  gravity  in  a  second 
=  32-2  feet  per  second,  D  the  weight  of  one  cubic  foot  of  the  fluid 

in  pounds  =      ,  and  p  its  elastic  pressure  in  pounds  per  square 

foot,  then 


»=\/' 


During  the  transmission  of  a  wave  of  sound,  the  compression  and 
expansion  of  the  particles  of  a  fluid  take  place  so  rapidly,  that  there 
is  not  time  for  any  appreciable  transmission  of  heat  between  dif- 
ferent particles,t  and  the  variations  of  the  pressure  and  density  are 
related  to  each  other  as  they  would  be  in  a  non-conducting  vessel; 
consequently,  if  h  represents  the  rate  of  variation  of  pressure  with 
density  at  a  constant  temperature,  then  it  follows  from  the  principle 

d  J} 
of  equation  6,  Art  251,  that  -—r  =  yh,  and 


«=  Jgyh (2.) 

This  equation  was  proved  long  ago  by  Laplace  and  Poisson,  for 
perfect  gases,  for  which 

h=j,V  =  P^-r (3.) 

but  it  is  true,  as  we  have  seen,  for  all  fluids  whatsoever. 

Applying  ike  formula  to  air,  considered  as  a  sensibly  perfect  gas, 
with  the  following  data: — 

*  Id  tbiB  Article  the  sounds  are  supposed  to  be  of  moderate  intensity,  so  that  there  is 
so  sensible  acceleration  of  the  sonnd  dne  to  the  cause  inyestigated  by  Mr.  Eanishawt 
as  to  which  see  Proc  Roy,  Soe^  1869. 

t  Prorcd  \fy  Pmt  G.  G.  Stokes. 

T 
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y  =  1-408;  ^0^0= 262U;  t=to; 

Feet 
The  following  is  found  to  be  the  Telocity  of  sound  in    per  second, 
pure  dry  air  at  the  temperature  of  melting  ice, 1090-2 


The  velocity  by  experiment  i 

According  to  MM.  Bravais  and  Martins, 1090-5 

According  to  MM.  Moll  and  Yan  Beek, 1090*1 

Experiments  on  the  velocity  of  sound  serve  to  determine  the  ratio  v 
of  the  specific  heats  of  a  gas  at  constant  pressure  and  at  constant 
volume.  For  oxygen,  hydrogen,  and  carbonic  oxide,  it  is  sen- 
sibly the  same  as  for  air;  for  carbonic  acid,  considerably  less. — 
{JSdmbii/rgh  Transactions,  voL  xx.) 

253.  Free  Kacpaauioa  of  Gases  and  Tttpomn, — ^When  the  expan- 
sion of  a  gas  takes  effect,  not  by  enlarging  the  vessel  in  which  it 
is  contained,  and  so  peiforming  work  on  external  bodies,  but  by 
propelling  the  gas  itself  from  a  space  in  which  it  is  at  a  higher 
pressure  p^^  into  a  space  in  which  it  is  at  a  lower  pressure  p^  a 
portion  of  energy  represented  by 


/: 


^vdp 


IB  employed  wholly  in  agitating  the  particles  of  the  gas;  and  when 
the  agitation  so  produced  has  entirely  subsided  through  the  mutual 
friction  of  those  particles,  an  equivalent  quantity  of  heat  is  developed, 
which  neutralizes  the  previous  cooling,  wholly  if  the  gas  is  perfect, 
partially  if  it  is  imperfect  The  equation  representing  the  result  ol 
this  process  is  the  following : — 


f^'  rd(p  =  P  V  dp (1.) 

•'  f  1  J  p% 


In  this  equation,  let  the  thermodynamic  function  be  expressed  in 
terms  of  the  temperature  and  pressure,  as  in  Article  248,  and  let  K, 
be  put  for  its  own  value,  according  to  Article  250,  equation  3; 
then  we  have 

/>-^'=/::(4:-)^' w 

This  quaniily  represents  the  amount  whereby  the  heat  reproduced 
by  friction  falls  short  of  that  which  disappears  during  the  expand 
sion,  and  for  a  perfect  gas  is  null.  The  phenomenon  here  in  ques- 
tion was  first  employed  by  Mr.  Joule,  and  Professor  William  Thom^ 
son,  jointly,  to  determine  experimentally  the  relation  between  the 
absolute  scale  of  temperature,  and  that  of  the  air  thermometer, 
which  had  previously  been  to  a  considerable  extent  a  matter  o| 
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oonjecfcure  and  hypothesis.  In  such  experiments  the  variation  of 
temperature  which  takes  place  is  very  small,  hence  we  may  put 
approximately 

^^^'=('^-0/'/''^ (3-) 

where  r  is  the  mean  of  r^  and  r^  and 


is  the  final  cooling  effect.  Let  T  represent  temperature  measured 
by  the  air  theimometer  on  the  ordinary  scale,  and  k  the  dynamical 
specific  heat  of  the  gas  under  constant  pressure  as  referred  to  this 
scale,  which  is  formed  by  multiplying  the  specific  heat  as  given  by 
M.  Regnaidt,  by  Joule's  equivalent.  Let  the  absolute  tempera- 
ture r  be  regarded  as  a  function  of  T, 

c=/(T) 

whose  form  is  to  be  ascertained.     Then  for  equation  3  we  may  put 

*^^=(fg-rT-0/^^^ W 

Each  experiment,  on  cooling  by  free  expansion,  gives  a  value  of  the 
cooling  effect  a  T,  corresponding  to  a  particular  pair  of  pressures 
Pi,  j?2-  The  relaiions  between  p,  v,  and  T,  are  given  by  formulae, 
founded  on  M.  Begnault's  experiments  on  the  elasticity  of  gases, 
and  already  exemplified  in  Article  202,  equations  2  and  3.  Conse- 
quently from  each  experiment  on  free  expansion,  there  can  be  cal- 
culated the  value  of  ,Ax  =  — ,  ^*  ^,  for  a  particular  tempe- 
rature T  on  the  air  thermometer.  This  function,  when  multiplied  by 
Joule's  equivalent,  is  called  "  Camot's  Function,"  being  a  function 
of  which  Camot  pointed  out  the  existence,  but  fidled,  from  reasons 
stated  in  the  historical  sketch,  to  discover  the  form.  Those  experi- 
ments on  free  expansion,  so  far  as  they  have  yet  been  carried 
(having  been  made  on  air  and  carbonic  acid),  indicate,  that  the 
absolute  zero  of  heat  does  not  appreciably  differ  from  that  of 
gaseous  tension,  and  that  the  scale  of  absolute  temperature  sen- 
sibly coincides  with  that  of  the  perfect  gas  thermometer.  {Phil. 
Trans.,  18d4.)  This  fistct  having  been  established,  experiments  on 
free  expansion  become  an  easy  and  accurate  means  of  ascertaining 
the  relations  between  the  pressures,  temperatures,  and  densities  of 
Taadous  elastic  fluids.     Experimenta  on  the  free  expansion  of  steam 
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have  been  made  by  Mr.  C.  W.  Siemens,  and  show  (as  theoiy  leads 
ns  to  expect),  that  steam,  after  having  been  freely  expanded,  ia 
superheated,  or  above  the  temperature  of  saturation  corresponding 
to  its  pressure. 

254.  Flow  of  OsMs. — The  principles  of  the  flow  of  a  perfect  gas 
through  an  oiifioe,  as  deduced  from  the  laws  of  thermodynamics, 
were  investigated  in  1856  by  Messra  Thomson  and  Joule  (see  Froe. 
Ray,  3oc.f  May,  1856),  and  by  Professor  Julius  Weisbach  {pivUin- 
geniewr,  1856).  The  demonstration  of  those  principles  is  given  in 
A  Manual  of  Applied  Mechanics,  Articles  637,  637  a.  For  the 
purposes  of  the  present  treatise,  it  is  unnecessary  to  give  more  than 
the  results. 

Let  the  pressure,  density,  and  absolute  temperature*  of  a  gas 

within  a  vessel  be  ;?,,  -,  t^,  and  without  the  vessel,  2>2y  -i  ^j* 

Let  O  be  the  area  of  an  orifice  through  which  the  gus  escapes 
&om  the  vessel; 

k,  a  co-efficierU  of  contraction,  or  of  ejlux,  so  that  the  effective  area 
of  the  orifice  iskO-, 

V,  the  maximum  velocity  which  the  particles  of  the  gas  acquire 
in  escaping,  when  there  is  no  friction; 

W,  the  weight  of  the  gas  which  escapes  in  a  second;  then, 

wJ-^=kOY^-^^'(PA'r (2.) 

The  value  of  the  co-efficient  of  efflux  k  has  been  found  experi- 
mentally by  Professor  Weisbach,  for  air  with  various  forms  of 
outlet,  with  the  following  results : — 

Conoidal  mouthpieces,  of  the  form  of  the  con-  \  k 

tracted  vein,  with  effective  pressures  of  from  1 0*97  to  099 

•23  to  ri  atmosphere, j 

Circular  orifices  in  thin  plates, 0-55  to  079 

Short  cylindrical  mouthpieces, 073  to  084 

The  same,  rounded  at  the  inner  end, 0*92  to  0*93 

Conical  convening  mouthpieces,  the  angle  of)  . 

convergencelw  7'  9',!. /  °-9°  **>  "^ 

For  valves  of  y,  &c.,  see  page  320.  As  to  the  outflow  of  saturated 
Btoam,  see  page  298. 

The  principles  of  the  flow  of  liquids  may  be  applied  without 
sensible  error,  to  gases  made  to  flow  by  small  differences  of  pres- 
sure^ as  in  the  case  of  the  draught  of  chimneys.  Article  233. 
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255.  lAtcM  fl«a  •€  ETap«rati«M. — ^It  is  known  by  experiment, 
that  the  pressure  under  which  a  fluid  boils  at  a  given  temperature 
(being  the  least  pressure  imder  which  it  can  exist  in  the  liquid 
state,  and  the  greatest  under  which  it  can  exist  in  the  gaseous 
state,  at  the  given  temperature),  is  a  function  of  the  temperature 
only  (see  Article  206,  Division  III,  page  237,  and  Tables  IV.,  V., 
and  VL,  at  the  end  of  the  volume).  Let  v'  be  the  volume  occupied 
by  one  pound  of  a  fluid,  when  in  the  liquid  state,  at  the  absolute 
temperature  r,  and  xmder  the  corresponding  pressure  of  ebullition  p, 
and  V  the  volume  of  the  same  weight  when  in  the  state  of  saturated 
vapour  at  the  same  pressure  and  temperature.  Then  on  applying 
equation  2,  of  Article  24:6,  to  this  case,  we  And  that  because  the 
temperature  is  constant,  the  first  term  is  =  0 ,  and  because  the 

pressure  is  constant,  the  factor  r  ~  of  the  second  term  is  constant; 

a  T 

80  that  the  integral  is 

H  =  -^(f-t;'), (1.) 

which  is  the  value  in  units  of  work  of  the  heat  which  disappears  in 
evaporating  one  pound  of  the  fluid  at  the  given  temperature.    Now 

suppose  the  weight  of  fluid  evaporated  to  be , ;  that  is  to  say, 

80  much  of  the  fluid,  that  its  increase  of  bulk  in  the  act  of  evapor- 
ating is  one  cubic  foot;  then 

L=J^,=  ,^ (2.) 

will  be  the  IcUent  heat  of  evaporation  in  foot-lbs.  per  cubic  foot  of 
space.  This  law  enables  us  to  compute  the  quantity  of  heat 
expended  in  propelling  a  piston  through  a  given  space,  by  means 
of  a  given  vapour  at  fidl  pressure  and  at  any  temperature,  simply 
from  the  relation  between  the  temperature  and  the  pressure  of 
ebullition,  and  without  knowing  the  density  of  the  vapour.  The 
rate  of  increase  of  the  pressure  of  ebullition  with  the  tempei-ature, 

-^^,  may  be  computed  either  fix)m  a  table  of  such  pressures  for  the 

fluid  in  question  (such  as  those  given  by  M.  Regnault  in  the 
Memoires  and  Coniptes  Eendus  of  the  Academy  of  Sciences),  or 
from  formulflB  of  the  following  form,  deduced  from  that  given  in 
Article  206,  Division  IIL  :— 

L  =  .  ^^  =  p  (?  +  ?j^  hyp  log  10 (3.) 

(hyp  log  10  =  2-3026  nearly). 
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For  tlie  values  of  B  and  0  for  certain  fluids,  see  the  table  in  page 
237.    J9  is  of  course  to  be  computed  in  lbs.  on  the  squxxrefoot. 

This  ^was  the  formula  employed  in  computing  the  numbers  in  the 
columns  headed  L  in  Tables  lY.  and  Y.  at  the  end  of  the  yolume. 

256.   C«BipatBti«ii  mt  th«  l>«Biitr  •€  TapMV  llr«M  the  liatcmt  HcsL 

— As  has  been  stated  in  Article  202,  and  in  Article  206,  Division 
IIL,  the  densities  of  vapours  are  but  imperfectly  known  by  direct 
experiment.  The  density  of  a  vapour  at  saturation  at  a  given 
temperature  may  be  computed  indirectly  in  the  following  man- 
ner : — Let  L  be,  as  above,  the  latent  heat  per  cubic  foot,  and  H  the 
latent  heat  per  pound  of  the  fluid,  ascertained  by  experiments  (such 
as  those  of  M.  Regnault  on  water,  and  of  Dr.  Andrews  on  other 
fluids).     Then 

^-t.^  =  ? (1.) 

is  the  increase  of  volume  of  one  pound  of  the  fluid  in  evaporating, 
from  which  the  density  of  the  vapour  is  easily  calculated.  The 
densities,  thus  computed,  of  the  vapours  of  sether  and  sulphuret  of 
carbon,  at  their  boiling  points  under  the  mean  atmospheric  pressure 
(21 16' 3  lb.  per  square  foot)  agree  almost  exactly  with  those  com- 
puted from  the  chemical  composition  of  those  vapours,  supposing 
them  to  be  perfectly  gaseous.  The  densities  of  the  vapours  of  water 
and  alcohol  as  computed  from  their  latent  heats  of  evaporation, 
are  greater  than  those  corresponding  to  the  perfectly  gaseous  state; 
For  steam  at  low  pressures  tiie  diflferenoe  is  trifling,  but  increases 
.rapidly  as  the  pressure  increases.     {Proc,  Roy,  Sac  Edin.,  1855.) 

Example, —  p  =  2116*3  (one  atmosphere). 

JSther.  Bi8alph.ofCaii)(»L    Water. 
Boiling  points  (ordinary  scale),       95^  114^  212^ 

Weight  of  one  cubic  foot  of 

vapour — 
Calculated  firom  latent  heat,...  0*1853  lb.  0*1829  lb.  0-03790  lb, 

'^^^'Z5S'r,!!:"!}-«56  0.X830  0.3679 

Diflferences, 0*0003        o'oooi        o-ooiii 

The  quantities,  in  the  column  headed  D,  in  Table  lY,  are  the 
values  of    ^  ,»  as  calculated  by  this  method.      They  agree  so 

nearly  with  the  values  of  -,  that  the  difierence,  though  capable  of 
being  computed,  is  unimportant  in  practice.     In  Table  YL,  the 
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values  of  tJ  axe  given  in  the  column  headed  V.     (See  the  remarks 
on  those  tables  at  the  foot  of  page  231,  and  top  of  page  232.) 

257.  Total  Heat  af  ETaparatiaa. — ^The  total  heat  of  evaporation  of 
unity  of  weight  of  a  fluid,  ^rom  one  temperature,  at  another  tempe- 
rature^ is  the  quantity  of  heat  required  to  raise  the  temperature  of 
xtnity  of  weight  of  the  fluid  from  ilie  first  temperature  to  the  second, 
and  then  to  evaporate  it  at  the  second  temperature.  Some  fixed 
temperature,  such  as  that  of  melting  ice,  is  usuallj  taken  for  the 
first  temperature.  It  is  deducible  from  equation  3,  of  Art.  248^ 
that  the  total  heat  of  evaporation  of  one  pound  of  a  fluid,  whose 
vapour  is  sensibly  a  perfect  gas,  and  very  bulky  as  compared  with 
the  Hqmdjjrom  r^,  at  r^,  is  sensibly  equal  to 

H,  +  K,(r,-.„) „ (1.) 

In  which  B^  is  latent  heat  of  evaporation,  in  foot-pounds,  of  the 
fluid  at  the  temperature  r^,  and  K,  is  the  dynamical  specific  heat 
of  its  gas  under  constant  pressure.  This  equation  is  demonstrated 
by  a  different  process  in  the  Edirybwrgh  Trcmaactions  for  1850, 
voL  XX.  The  demonstration  of  a  principle  which  includes  it  will 
be  given  in  the  next  Article.  Steam  is  not  a  perfect  gas ;  and  its 
total  heat  of  evaporation,  as  ascertained  by  experiment,  is  expressed 
in  foot-pounds,  by  multiplying  equation  2  of  Article  215^  by  Joule's 
eqxdvalent^  as  follows  : — 

Ho  +  «('i-r„); (2.) 

in  which  a  is  a  certain  constant,  less  than  the  specific  heat  under 
constant  pressure,  K^  According  to  M.  Begnault's  experiments, 
let  4-0  be  the  absolute  temperature  of  melting  ice;  then 

Ho  =  842872  pounds. 

a    =  235  foot-pounds  per  d^ree  of  Fahrenheit* 

It  is  by  means  of  equation  2,  that  the  quantities  in  the  column 
headed  H^  in  Table  YI.,  at  the  end  of  the  volume,  were  com- 
puted 

25S,  Taiai  Meat  af  OaMflcaUan. — ^The  law  of  the  total  heat  of 
gasefication  has  been  already  stated  in  Article  216.  It  may  be 
demonstrated,  either  by  the  aid  of  the  form  of  the  thermo- 
dynamic function  given  in  Article  248,  or  by  a  direct 
process. 

ThQfini  method  of  demonstration  is  as  follows : — 

*  The  form  of  eqoatioa  2  was  hypothetically  anticipated  by  the  late  Sir  John 
Labbock  in  1840. 
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Let  K,=r  k  +  ^^  be  the  dynamical  specific  heat  under  constant 

pressure,  of  a  given  substance  in  the  state  of  perfect  ga& 

Let  Tq  be  a  temperature  so  low,  that  the  saturated  vapour  of  the 
substance  is  sensibly  a  perfect  gas  at  that  temperature.  (This,  for 
example,  is  the  case  for  water  at  32°  Fahr.) 

Let  j9^  be  a  constant  pressure  to  which  the  substance  is  sub- 
jected; 

Let  T^  be  a  temperature  so  high,  that  at  that  temperature,  and 
under  the  pressure  j9^,  the  substance  is  sensibly  a  perfect  gas; 

Let  the  substance,  by  communicating  heat  to  it,  be  brought  from 
a  condition  of  great  density,  whether  in  the  liquid  or  solid  state,  at 
To,  to  the  perfectly  gaseous  condition  at  T^ ;  under  the  constant 
pressure  p^ ; 

The  volume  in  the  denser  condition  must  be  supposed  to  be  inap 
preciable,  when  compared  with  that  in  the  gaseous  condition. 

The  thermodynamic  function,  as  given  in  Article  248,  in  terms  of 
the  absolute  temperature  and  the  pressure  as  independent  variables, 
is 

^«Kphyplogr-|    -^^P (1) 

The  heat  absorbed  by  the  substance,  during  any  indefinitely 
small  change  of  temperature  d  r  and  of  pressure  dp,  is 

dK  =  rdl>=:,(i!tdr+^^dp\ (2.) 

Li  the  present  case,  the  pressure  is  constant;  and  therefore  the 
term  in  which  dpiB  &  fitctor,  vanishes;  and  the  integration  to  be 
performed  is  as  follows : — 

H,=  r',d9=rri^dr 

=Kp(..-.o)-/;;  f[  f^  -dpdr (3.) 

Now,  because  the  substance,  when  at  the  higher  limit  of  tempera- 
ture T^,  is  sensibly  a  perfect  gas,  the  co-efficient-^  at  that  tempe- 
rature is  sensibly  =  0.  Therefore  the  value  of  the  second  term  of 
the  above  formula  does  not  sensibly  vary  with  the  higher  tempera- 
ture Tj,  and  is  sensibly  the  same  as  if  r.  were  =  tq,  Now  in  that 
«»^  we  should  have 
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Hq  being  ihe  latent  keat  of  evaporati4m  (in  foot-pounds),  of  one 
pound  of  the  substance  at  the  temperature  tq;  so  that,  for  equa- 
tion 3,  may  be  substituted  the  following : — 

=  J/*o  +  Jc,(T,-To) (4.) 

which  is  the  law  formerly  stated,  when  applied  to  quantities  of 
heat  expressed  in  foot-pounds. 

The  second  metfiod  of  demonstration  is  as  follows  :— 

In  &g.  96,  as  usual,  let  ab-     ^  ^ 

Bcissse  parallel  to  0  X  repi-e- 
sent  the  volumes  in  cubic  feet 
assumed  by  one  pound  of  the 
substance  in  question,  when 
in  the  gaseous  state  (its  vo- 
lumes in  the  liquid  state  being 
n^lected  as  inappreciable 
when  compared  with  its  vo- 
lumes in  the  gaseous  state),  ^^'  ^^' 
and  ordinates,  parallel  to  O  Y,  its  pressures  in  pounds  on  the 
square  foot  Let  TT  be  the  isothermal  curve  for  the  vapour 
at  a  given  absolute  temperature  cj,  which,  as  the  vapour  is  perfectly 
gaseous,  is  a  common  hyperbola,Jhe  rectangles  of  its  co-ordinates, 
such  as  ABXBE,  DCxCF,  being  equal  for  every  point, 
and  represented  symbolically  by 

p  V =p'  v'  =p^  t?^  •  -Tl  --  constant 

where^rrBE";  «  =  AB;y  =  Cl';  v'=DC. 

Let  H,  H'  denote  the  values  of  the  total  heat  of  gaseficatioB 
under  the  pressures  p,  /?'  respectively,  for  the  same  limits  of  tem- 
perature, ^Q,  r,. 

Then,  First,  The  total  heat  of  gasefication  is  independent  of  tJie 
preeeure:  that  is,  H'  =  H. 

This  is  proved  as  follows.  Let  the  substance  undergo  the  fol- 
Jowing  cycle  of  operations  : — 

L  Gasefication  from  r^  to  r„  under  the  pressure  p.     In  this  case. 

The  heat  absorbed  is H 

The  energy  exerted  by  the  fluid  on  a  piston pv 

XL  Expansion  at  the  constant  temperature  r^  irom  the  yolume 
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V  to  the  volame  v'.  In  thia  case,  as  the  substance  is  perfectly 
gaseous,  the  heat  absorbed  and  the  eneigy  exerted  on  a  piston  are 
each  qftliem  represented  by  the  area 

BBC^  =  ABCB=^  J"^ pdv,=z  [^  vdp. 

TIL  Ck>ndensation  £rom  n,  and  cooling  to  tq,  under  the  pressure 
p\    In  this  case, 

The  heat  given  out  is H* 

The  energy  exerted  6y  the  piston  on  the  fluid. .p'  f/L 

Hence,  the  heat  which  disappears  during  the  cycle  of  operations,  is 
B.+  fpdv  —  B!. 
The  resultant  or  effective  energy  exerted  by  the  gas  on  the  piston, 

=  area  ABCD  =  |t7rfp=  fpdv. 

And  by  the  First  Law  of  Thermodynamics,  those  quantities  an 
equal;  therefore, 

H  — H'=0;  orH'ssH; 

— Q.  E.  D. 

Secondly,  Let  H^  be  the  latent  heat  of  evaporation  at  a  tem- 
perature Tq,  at  which  the  saturated  vapour  is  sensibly  a  perfect  gas, 
and  H]^  the  total  heat  of  gasefication  at  any  higher  temperature  T^ 
under  any  constant  pressure.  Suppose  the  gas  to  be  first  produced 
by  evaporation  at  T^,  and  then  raisied  under  a  constant  pressure  to 
T^;  the  expenditure  of  heat,  in  foot-pounds,  per  pound  of  gas,  will 
be  independent  of  the  pressure,  and  will  be 

Hi=Ho  +  Kp(Ti  — To), 

as  before  proved. — Q.  R  D. 

Taking  for  T^  the  temperature  of  melting  ice,  we  have^  for  stosm 
in  the  p^ectly  gaseous  condition,  or  Steax-Gas, 

Ho  =  842872  foot-pounds, 

Kp=  0-48  X  772  =  371  foot-pounds  per  d^jree  of 

Fahrenheit  above  32^ 

H=:  842872  +  371  (T  — 32*> 


(^.) 

From  this  formula  have  been  calculated  the  numbers  ia  the 
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coltunn  headed  H,  in  a  Table  of  the  Elasticity  and  Total  ffeat  of 
One  Found  of  Steam-Gas,  which  will  be  given  in  a  subsequent 
Article. 

25S  A.  MjmttmM,  Heat  •€  FmiMi— When  freezing  and  melting  are 
accompanied  by  a  change  of  volume^  the  latent  heat  of  fusion  is  sub- 
ject  to  a  law  analogous  to  that  given  in  Article  255  for  the  latent 
heat  of  evaporation^  viz.,  let  t;  be  the  volume  of  unity  of  weight  of 
the  substance  in  the  liquid  state,  1/  the  volume  in  the  nolid  state, 

T  the  absolute  temperature  of  fusion,  and  -^  the  recipix)cal  of  the 

'  rate  at  which  that  temperature  varies  with  the  external  pressure 
under  which  fusion  takes  place ;  then  the  latent  heat  of  fusion,  in 
units  of  work,  is 

H=r  J-f    («_,0 (1) 

When  the  latent  heat  and  temperature  of  fusion,  and  the  alteration 
of  volume  v  — 1/,  are  known  by  experiment  for  a  given  substance, 
the  alteration  of  the  temperature  of  fusion  by  pressure  may  be  com- 
puted by  the  following  formula : — 

dr    _  T(t?  — tp  .9. 

T^  -       H      ^"^-^ 

When  the  bulk  of  the  substance  in  the  solid  state  exceeds  that  in 

the  liquid  state  (as  i&  the  case  for  water,  antimony,  cast  iron,  and 

dr 
according  to  Mr.  Nasmyth,  for  many  other  substances),  then  -^— 

r 

is  n^;ative :  that  is,  the  temperature  of  fusion  is  lowered  by  pressure ; 
a  principle  first  pointed  out  by  Mr.  James  Thomson,  as  a  conse- 
quence of  Camot's  theory  {Edwbwrgh  Traneaetiona,  voL  xvL)  For 
water  we  have  the  following  data: — 

V  r=:  0-016    cubic  foot  per  pound, 

t/=:  0-0174  „ 

T  =  493^-2  Fahr. 

H=  142  X  772  =  109624  foot-pounds; 

oonsequently,  —  ^  =  0-0000063  Fahrenheit,  being  the  amount 

by  which  the  melting  point  of  ice  is  lowered  for  each  pound  of  pres- 
sure on  the  square  foot  An  atmosphere  of  pressure  being  2,1 16  Ibsi 
per  square  £oat,  we  have,  for  the  lowering  of  the  melting  point  per 
atmosphere  of  pressure^ 
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2116  X   f—^\^  0»-0133  Falirenbeit^ 
a  result  verified  by  the  experiments  of  Professor  William  Thomson. 

SscmoN  3. — Effidency  of  the  Fluid  in  Heat  Enginea  m  generoL 

259.  Anaifato  •€  the  EflctoBcr  •f  Hc«t  EMgiMa.— If  the  number 
of  British  thermal  units  produced  bj  the  combustion  of  one  pound 
of  a  given  kind  of  fuel,  be  multiplied  by  Joule's  equivalent,  772 
foot-pounds,  the  result  is  the  total  heat  of  condmelion  oi  the  fuel  in 
question,  expressed  in  foot-pounds.  For  different  kinds  of  fuel,  as 
may  be  deduced  from  the  data  in  Article  227,  this  quantity,  in 
round  numbers,  ranges  between  5,000,000  and  12,000,000  foot- 
poimds.  This  total  heat  is  expended,  in  any  given  engine,  in  pro- 
ducing the  following  effects,  whose  sum  is  equal  to  the  heat  so 
expended : — 

1.  The  loaste  heat  o/thejwmace,  being  from  01  to  0*6  of  the  total 
heat,  according  to  the  construction  of  the  furnace,  and  the  skill 
with  which  the  combustion  is  regulated     See  Article  234. 

2.  The  neceesarily-rejected  heai  of  the  engine,  being  the  excess  of 
the  whole  heat  communicated  to  the  working  fluid  by  each  pound 
of  fuel  burned,  above  the  portion  of  that  heat  which  permanently 
disappears,  being  replaced  by  mechanical  energy. 

3.  The  heat  wasted  by  Hie  engine,  whether  by  conduction  or  by 
non-fulfilment  of  the  conditions  of  maximum  efficiency. 

4.  The  uedeee  work  of  the  engine,  employed  in  overcoming  fric- 
tion and  other  prejudicial  resistances. 

5.  The  ueeftd  toork  The  efficiency  of  a  heat  engine  is  improved 
by  diminishing  as  fiir  as  possible  the  first  four  of  those  effects,  so  as 
to  increase  the  fifth. 

It  appears  then  that  the  efficiency  of  a  heat  engine  is  the  pro- 
duct of  three  factors;  viz. : — ^L  The  efficiency  of  the  Jttrnaee,  being 
the  ratio  which  the  heat  transferred  to  the  working  fluid  bears  to 
the  total  heat  of  combustion  ;  II.  The  efficiency  of  the  fluid,  being 
the  fraction  of  the  heat  received  by  it  which  is  transformed  into 
mechanical  energy ;  and.  III.,  The  efficiency  of  the  mechamem, 
being  the  fraction  of  that  energy  which  is  available  for  driving 
machines. 

The  first  of  those  factors, — ^the  efficiency  of  the  furnace, — ^has 
been  considered  in  Chapter  II.,  and  especially  in  Article  234  :  the 
second, — ^the  efficiency  of  the  fluid, — is  the  special  subject  of  the 
present  section;  the  third  will  be  considered  in  a  subsequent 
section. 

260.  AcllMi  •r  the  CrltadOT  aad   IPimmm^^mMtmtmd  P«wcr.— The 

part  of  a  heat  engine  in  which  the  fluid  performs  work  oonsiftts 
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eflsentially  of  an  enclosed  space  whose  Yolume  is  capable  of  being 
alternately  enlarged  and  contracted^  by  the  motion  of  one  of  its 
boundaries.  The  enclosed  space  is  of  a  cylindrical  form,  in  all 
engines  that  are  extensively  used  in  practice;  and  it  is  called  the 
CYLiNDEBy  even  in  those  exceptional  engines  in  which  it  hajs  some 
other  figure.  Its  moveable  boundary  is  called  the  piston,  and  is 
usually  a  cylindrical  disc  fitting  the  cylinder,  in  which  it  moves  to 
and  fin>  in  a  straight  line.  In  some  exceptional  engines  the  piston 
has  other  forms,  but  its  action  always  is  to  increase  and  diminiflh 
alternately  the  volume  of  a  certain  enclosed  space. 

The  steam  or  other  working  fluid,  while  it  is  entering  the  cylin- 
der and  expanding,  drives  the  piston  before  it,  and  exerts  on  the 
piston  an  amount  of  energy  equal  to  the  product  of  the  volume 
swept  through  by  the  piston  into  the  mean  intensity  of  the  pressure 
of  the  fluid.     This  operation  is  ikiAforwwrd  stroke. 

During  the  retwrriy  or  hackfuxMrd  stroke,  the  piston  drives  the  fluid 
before  it,  and  either  expels  it  from  the  cylinder,  or  compresses  it, 
or  expels  part  and  compresses  part;  and  in  so  doing  tiie  piston 
exerts  energy  upon  the  fluid  to  an  amount  equal  to  the  product  of 
the  volume  swept  through  by  the  piston  into  the  mean  intensity  of 
the  pressure  of  the  fluid,  which  is  now  called  tack  pressure. 

The  excess  of  the  energy  exerted  by  the  fluid  on  the  piston  dur- 
ing the  forward  stroke  above  the  energy  exerted  by  the  piston  on 
the  fluid  during  the  return  stroke,  is  the  effective  energy  exerted  by 
the  fluid  on  the  piston  during  one  complete  stroke,  or  revolvlion, 
consisting  of  a  forward  stroke  and  a  return  stroke,  and  is  equal  to 
the  toork  performed  by  the  piston  in  overcoming  resistance  other 
than  the  back  pressure  of  the  fluid ;  and  the  amount  of  that  work 
in  some  definite  time,  as  a  second,  a  minute,  or  an  hour,  is  the 
INDICATED  POWEB  of  the  engine. 

The  method  of  computing  that  power  from  the  diagram  drawn  by 
the  indicator  of  a  working  engine  has  been  explained  in  Article  43. 

It  is  to  be  borne  in  mind  in  such  calculations  (as  has  been  ex- 
plained in  Article  6),  that  the  spaces  swept  through  by  the  piston, 
and  the  intensities  of  the  pressure,  must  be  stated  in  such  units  that 
the  product  of  a  space  into  the  intensity  of  a  pressure  shall  give  a 
quantity  of  work  in  foot-pounds.  Thus,  for  quantities  of  work  in 
foot-povmds — 


UNIT  OF  PRESSUBE. 

One  lb.  on  the  square  foot. 
One  lb.  on  the  square  incL 


UNIT  OF  SPACE. 

One  cubic  foot. 

A  prism  a  foot  long  and  an  inch 

square,  =:  -ttj-  cubic  foot; 


ird4 
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and  for  quantitieB  of  work  in  hilogTanmnetTes — 


UNIT  OP  PBESSURE. 

One  kilogramme  on  the  square  ) 
metre^ j 

One  kilogramme  on  the  sqoare  ) 
oentimetre^ J 

One  kilogramme  on  the  square  ) 
millimetre, j 


UNIT  OF  8PACEL 


One  cubic  metre. 

1 


io;ooo  ^^^'^^*~  =  ro^*^ 


1 


1,000,000 
litra 


cubic  metre  ^  -. 


1,000 


The  method  of  computing  the  power  of  a  double-acting  engine, 
by  finding  separately  the  quantities  of  effective  energy  exerted  on 
the  two  sides  of  the  piston,  and  adding  them  together,  has  been 
sufficiently  explained  and  illustrated  in  Article  43,  pages  5%  51. 

261.  1>«nble  CyliBder  EbsIum— C«aiMBaU«ii  ^f  DiasnwM* — In  a 

double  cylinder  engine,  the  steam  or  other  fluid  performs  its  work 
in  two  cylinders,  a  smaller  and  a  laiger,  which  at  certain  periods 
communicate  with  each  other.  In  some  cases  the  functions  of  two 
cylinders  are  performed  by  the  two  ends  of  one  cylinder.  The 
details  of  such  engines  will  be  explained  in  a  future  chapter;  the 
object  of  the  present  Article  being  to  show  how  the  indicator-dia- 
grams of  work  obtained  from  a  double  cylinder  engine  are  to  be 
combined,  so  as  to  produce  the  diagram  that  would  have  been 
obtained  Had  the  flxdd  performed  the  same  work  by  going  through 
the  same  series  of  changes  of  pressure  and  volume  in  one  cylinder. 


E 

B       O 

^ nr 

A. 

? 

S  O  IT  Q. 

Fig.97- 

To  fix  the  ideas,  the  fluid  will  be  spoken  of  aa  steam;  although  the 
principles  are  applicable  to  any  fluid.  The  steam,  then,  is  first 
admitted  firom  the  boiler  into  the  smaller  cylinder,  until  it  fills  a 
certain  volume,  represented  by  B  0  in  fig.  97 ;  the  absolute  pressure 
is  represented  by  the  height  of  £  C  above  the  zero  line  P  O  Q.  The 
admisHion  of  the  steam  is  then  cut  off,  and  it  expands  in  the 
smaller  cylinder  with  a  pressure  gradually  diminishing,  as  shown 
by -the  ordinatesof  the  curve  CD.  D  N  being  let  ndl  perpen- 
dicular to  0  Q,  ONf  represents  the  whole  volume  swept  through  by 
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the  piston  of  tlie  smaller  cylinder  during  its  forward  stroke.  At 
the  end  of  that  stroke^  a  communication  is  opened  between  the 
smaller  and  the  larger  cylinder;  and  the  forward  stroke  of  the 
piston  of  the  larger  cylinder  takes  place  at  the  same  time  with  the 
return  stroke  of  the  piston  of  the  smaller  cylinder.  During  this 
process,  the  steam  is  driven  before  the  piston  of  the  smaller  cylinder, 
and  drives  the  piston  of  the  larger  cylinder;  it  exerts  more  energy 
on  the  latter  piston  than  it  receives  from  the  former,  because  the 
piston  of  the  larger  cylinder  sweeps  through  the  greater  space;  and 
the  difference  between  those  quantities  of  energy  is  added  to  the 
energy  formerly  exerted  by  the  steam  on  the  piston  of  the  smaller 
cylinder.  This  part  of  the  action  of  the  steam  is  represented  by 
the  curves  D  A  and  E  F  :  the  ordinates  of  D  A  representing  the 
backward  pressures  exerted  by  the  steam  in  the  smaller  cylinder, 
and  the  ordinates  of  E  F,  the  forward  pressures  exerted  by  it  at 
the  same  time  in  the  larger  cylinder.  O  P  represents  the  space 
swept  through  by  the  piston  of  the  larger  cylinder,  on  the  same 
scale  with  that  according  to  which  O  N  represents  the  correspond- 
ing space  for  the  smaller  cylinder. 

The  next  operation  is  to  shut  the  communication  between  the 
two  cylinders,  and  open  the  exhaust  port  of  the  larger  cylinder, 
and  the  admission  port  of  the  smaller.  Then  takes  place  the 
return  stroke  of  the  larger  cylinder,  during  which  the  steam  is 
expelled,  exerting  a  back  pressure  represented  by  the  ordinates  of 
F  A ;  while  at  the  same  time  a  new  portion  of  steam  is  admitted 
into  the  smaller  cylinder,  and  expanded  as  before,  during  a  new 
forward  stroke  of  tiiat  cylinder. 

Thus  are  produced  the  two  indicator  diagrams,  B  C  D  A  B  for 
the  smaller  cylinder,  and  E  F  A  E  for  the  larger,  and  the  sum  of 
their  areas  represents  the  energy  exerted  on  the  piston  by  the 
quantity  of  steam  which  is  expended  at  one  stroka  When  two 
such  diagrams  are  taken  by  an  indicator,  for  the  sole  purpose  of 
computing  the  power  of  an  actual  engine,  they  may  be  drawn  on 
the  same  or  on  different  scales,  and  the  quantities  of  work  indicated 
by  them  may  be  computed  independently,  and  then  added  together. 
Of  this  a  detailed  example  has  already  been  given  in  Article  43^ 
page  51. 

But  if  the  diagrams  are  to  be  used  for  the  purpose  of  examining 
into  the  thermodynamic  relations  between  heat  expended  and  work 
performed,  or  for  other  scientific  purposes,  it  is  best  to  combine 
them  into  one  diagram,  in  the  following  manner : — 

Draw  any  straight  line  K  G  H  parallel  to  P  O  Q,  and  intersect- 
ing both  diagxams.     Produce  that  line,  and  lay  off  upon  it 
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Then  G  L  ==  G  H  +  K  G  represents  the  total  yoliune  oocapied 
by  the  steam,  partly  in  the  smaller  and  partly  in  the  larger  cylinder, 
Tirhen  its  absolute  pressure  is  represented  by  O  G;  and  L  is  a  point 
in  the  indicator  diagram  which  would  have  been  described  had  the 
whole  action  of  the  steam  taken  place  in  the  larger  cylinder  only. 

By  diuwing  a  sufficient  number  of  parallel  lines,  such  as  X  L, 
and  laying  off  the  proper  distances  on  them,  as  above,  any  number 
of  points  such  as  L  may  be  foimd,  so  as  to  complete  the  combined 
iM^gram  B  C  D  L  M  A  B,  whose  length  O  Q  ==  O  P  represents  the 
volume  swept  through  by  the  piston  of  the  larger  cylinder;  and 
this  diagram  may  be  reasoned  about  as  if  it  represented  the  action 
of  the  steam  in  the  larger  cylinder  alone. 

It  is  to  be  observed,  then,  as  a  general  principle,  that  the  energy 
exerted  hy  a  given  portion  of  a  fluid  dwrmg  a  given  aeries  of  changes 
ofpreeeure  cmd  voltime,  depends  on  that  series  of  changes ^  and  not  on 
the  number  and  a/rrangement  of  the  cylinders  in  whidh  (hose  changes 
are  v/ndergone,     (See  p.  671.) 

262.  FlMid  AcUb9  as  a  Casbi«a. — ^To  determine  geometricallj 
the  efficiency  of  a  heat  engine,  it  is  necessary  to  know  its  true 
indicator  diagram;  that  is  to  say,  the  curve  whose  co-ordinates 
represent  the  successive  volumes  and  pressures  which  the  fluid 
working  the  engine  assumes  during  a  complete  revolution.  This 
true  indicator  diagram  is  not  necessarily  identical  in  figure  with 
the  diagram  described  by  the  engine  on  the  indicator  card;  for 
the  abscisssd  representing  volumes  in  the  latter  diagram,  include 
not  only  the  volumes  assumed  by  that  portion  of  the  fluid,  which 
really  performs  the  work  by  alternately  receiving  heat  while  ex- 
panding, and  emitting  heat  while  contracting,  in  such  a  manner  as 
permanently  to  transform  heat  into  mechanical  energy,  but  also 
the  volumes  assumed  by  thab  portion  of  the  fluid,  if  any,  which  acts 
merely  as  a  cushion  for  transmitting  pressure  to  the  piston,  under- 
going, during  each  revolu- 
tion, a  series  of  changes  of 
pressure  and  volume,  and 
then  the  same  series  in  an 
order  exactly  the  reverse 
of  the  former  order,  so  as 
to  transform  no  heat  per- 
manently to  mechanical 
energy. 

In  fig.  98,  let  a5c<f  be 
the  apparent  indicator  dia- 

_Fig.98.  grom.      ParaUel  to    0  X 

draw  H  a  and  L  c,  touching  this  diagram  in  a  and  e  respectively; 
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then  those  lines  will  be  the  lines  of  maximum  and  minimum  pres- 
sure. Liet  H  E  and  L  G  be  the  Yolumes  occupied  by  the  cushion  at 
the  maximum  and  minimum  pressures  respectively :  draw  the  curve 
E  G,  such  that  its  co-ordinates  shall  represent  the  changes  of  volume 
and  pressure  undergone  by  the  cushion  during  a  revolution  of  the 
engine.  Let  K  F  6?  6  be  any  stiuight  line  of  equal  pressure,  inters 
seating  this  curve  and  the  apparent  indicator  diagram;  so  thai 
Kby'Kd  shall  represent  the  two  volumes  assiuned  by  the  whole 
clastic  body  at  the  pressure  O  K,  and  K  F  the  volume  of  the 
cushion  at  the  same  pressure.     On  this  line  take 

6B  =  5D  =  KF; 

then  it  is  evident  that  B  and  D  will  be  two  points  in  the  true 
indicator  diagram;  and  in  the  same  manner  may  any  number  of 
points  be  found. 

The  area  of  the  true  diagram  A  B  C  D  is  obviously  equal  to  that 
of  the  apparent  diagram  abed. 

263.    F«mmto  for  fiaergy  ezcrced  hj  FbiM  •■  Pirt*M.  —  In  fig, 
99,  let  ABCDEA  repre- 
sent the  indicator  diagram  of  ^ 
a  heat  engine,  0  Y  as  usual 
being  the  line  of  no  pressure, 
and  O  P  that  of  no  volume. 

The  area  of  that  diagram,    q 
representing    the    effective    ^ 
energy  exerted  by  a  certain 
quantity  of  the  flxdd,  may  be 
computed  and  expressed  by 
either  of  two  methods. 

First MetJu>d.^Let  thedot-  ^*«-  ^^• 

ted  lines  Bb,  Ee,  be  tangents  to  the  diagram,  parallel  to  OP, 
80  that 

Oe  =  «2;  0  6=t/i; 

are  respectively  the  greatest  and  the  least  volumes  occupied  by  the 
quantity  of  fluid  in  question. 

Let  F  G  =  ^v  represent  any  small  portion  of  the  change  of 
volume  undergone  by  the  fluid.  Draw  F  L  H,  G  M  K,  perpendi- 
cular to  O  V ;  and  let 

p  =  mean  of  F  H  and  G  K,  and 

p'  =  mean  of  F  L  and  G  M, 
represent  the  mean  intensities  of  the  pressures  of  the  fluid  when  the 
portion  of  the  change  of  volume  represented  by  F  G=:  av  takes 
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plaoe^  during  the  fortoourd  stxokey  and  doling  the  retitm  stroke 
xeBpectiyeljy  so  that 

ifi  the  effective  pressore  corresponding  to  F  G. 
Then, 

{p — jp")  A  V  =  area  L  H  K  M  nearly ; 

and  by  dividing  the  whole  diagram  into  a  number  of  lands,  such 
as  L  H  K  M,  and  adding  their  areas  together^  we  get  as  an  approxi- 
mation to  the  whole  area  of  the  diagram, 

U  =  2[(p — y)  At?}  nearly; 

being  the  value  already  given  in  Article  43. 

The  exact  value  of  i^t  area  is  the  limit  towards  which  that  sum 
approximates,  as  the  bands  into  which  the  diagram  is  divided 
become  more  numerous  and  more  narrow.  That  Hmit,  or  iniegral, 
is  represented  by  the  symbol, 


u=  fj  (p-pO  dv (1.) 


Second  Method. — Let  p^^  represent  the  greatest,  and  p^  the  least 
intensity  of  the  pressure  of  the  fluid  during  its  action.  | 

Let  N  Q^Ap  represent  any  small  portion  of  the  change  of  pres- 
sure undergone  by  the  fluid.  Draw  N  T  B,  Q  W  S,  perpendicnkr 
to  OP,  and  let  

V  =  mean  of  N  B*  and  Q  S,  and 

V  =  mean  of  JTT  and  QW, 

represent  the  mean  volumes  occupied  by  the  fluid  when  the  portion  of 
the  change  of  pressure  represented  by  N  Q  =  a  p  takes  place,  during 
ike/ortoard  stroke  and  during  the  return  stroke  respectively. 
Then, 

(v  —  V)  A/>  =  areaWSRT  nearly; 

and  by  dividing  the  whole  diagram  into  a  number  of  bands,  such  as 
W  S  B  T,  and  adding  their  areas  together,  we  get  as  an  approxima- 
tion to  the  whole  area  of  the  diagram, 

U  =  2-[(t7  —  if)Ap\  nearly. 

The  exact  value  of  that  area  is  the  limit  towards  which  that  sum 
approximates,  as  the  bands  into  which  the  diagram  is  divided 
become  more  numerous  and  more  narrow.  That  limit,  or  irUegralt 
is  represented  by  the  symbol 
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U=  P^  {v-v')dp', (2.) 

being  a  result  equal  to  that  given  by  equation  1,  but  obtained  by  a 
different  proces& 

The  firat  method  is  the  best  for  measuring  the  work  indicated  by 
the  diagrams  of  actual  engines.  The  second  is  the  most  convenient 
in  some  theoretical  inquiriea 

It  is  always  most  convenient  to  consider  the  quantity  of  fluid 
to  which  the  equations  1  and  2  refer,  as  being  oke  pound  ;  so  that 
they  give  the  energy  exerted  per  pound  of  fluid,  and  the  values 
of  V  are  simply  the  various  volumes  occupied  by  one  pound  at  dif- 
ferent periods  of  the  revolution  of  the  engine. 

To  express  the  enei^  exerted  per  unit  of  space  moept  through  by 
the  piston  (or  in  a  double  cylinder  engine,  by  the  piston  of  the 
larger  cylinder),  it  is  to  be  observed,  that  the  space  so  swept 
through  per  pound  of  fluid  employed,  is  the  diflerence  between  the 
greatest  and  least  volumes  occupied  by  one  pound;  that  is  to  say, 

rj  — t/^; 

80  that,  THE  ENERGY  EXERTED  PER  UNIT  OF  VOLUME  SWEPT  THROUGH 

—      ^  j(P'-p)dv  ^j{v  —  xf)dp 

"t^j  — V'l""         ^2  —  ^1         ~  ^2  —  ^1 

If  the  unit  of  volume  is  a  cubic  foot,  this  formula  gives  the  mean 
^eciive  presswre  in  pounds  on  the  squa/refoot;  if  the  unit  of  volume 
is  a  prism  a  foot  long  and  an  inch  square,  the  fonnula  gives  the 
mean  effective  pressure  in  pounds  on  the  squa/re  inch. 

The  ENERGY  EXERTED  IN  A  GIVEN  TIME  (such  as  a  minute,  or 
an  hour),  that  is,  the  indicated  power,  is  given  by  the  expression, 

^TJ, (4.) 

in  which  xo  is  the  weight  of  fluid  employed  in  the  given  time ;  or 
otherwise,  as  in  Artide  43,  equation  4,  by  the  expression, 

TSKbJJ 


"2  — ^'i 


.(5.) 


in  which  A  is  the  area,  and  s  the  length  of  stroke  of  the  piston  (or 
of  the  piston  of  the  larger  cylinder,  in  a  double  cylinder  engine) ; 
80  that  Asia  the  volume  swept  through  per  stroke;  and  N  is  the 
number  of  strokes  in  the  given  time;  wluch  number,  in  a  double 
acting  engine,  is  to  be  doubled,  as  has  been  explained  in  Article 
43,  unless  the  quantities  of  energy  exerted  on  the  two  sides  of  the 
piston  are  computed  separately,  and  added  together. 
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Inasmacli  as  we  have 


W  = zr, (6.) 

V9  —  V-. 


it  follows  that  the  weight  offiuvd  employed  ^per  stroke  is 
to  As 


.(7.) 


N~t72-t;'i 

If  the  diagram  in  fig.  99  is  held  to  represent  the  energy  exerted 
by  one  pound  of  the  fliiid,  then  the  abscissas  parallel  to  0  V 
represent  simply  values  of  v,  the  volume  of  one  pound. 

If  the  diagram  is  held  to  represent  the  energy  exerted  per  nnii 
of  volume  swept  throughj  then  the  line  h  e  represents  that  unit,  aod 
the  abscissae  parallel  to  O  Y  represent  values  of 


If  the  diagram  is  held  to  represent  the  energy  exerted  during 
one  stroke,  then  the  line  he  represents  the  volume  A«,  and  the 
abscissse  parallel  to  O  Y  represent  values  of 

i^ (9.) 

The  quantity  spoken  of  as  the  ^^  weight  of  fluid  employed"  in 
every  case  means,  the  weight  of  fluid  employed  07100/  and  if  a 
given  weight  of  fluid  (as  often  happens)  is  made  to  act  again  and 
again,  it  is  to  be  held  to  be  equivalent  to  the  same  weight  muUir 
plied  by  the  nwmber  of  times  that  it  is  employed. 

264.  Kqnati^n  ^f  Kneryr  ^nd  w«rk. — The  principle  of  the 
equality  of  energy  and  work  (Articles  26,  33)  when  applied  to  the 
action  of  the  fluid  in  a  heat  engine,  takes  the  following  form : — 

When  the  engine  is  moving  with  an  uniform  periodical  motion 
(that  is,  when  each,  stroke  occupies  an  equal  interval  of  time,  and 
when  the  velocity  of  each  part  of  the  machine  is  the  same  after 
any  number  of  complete  strokes),  the  energy  exerted  by  the  fluid  on 
the  piston  during  any  number  of  complete  strokes  is  equal  to  the  work 
performed  by  the  piston  in  overcoming  resistance  in  the  same  period. 

The  most  convenient  method  of  expressing  this  principle  by  a 
formula  is  as  follows : — 

As  in  Articles  9  and  24,  let  all  the  resistances,  useful  and  pre- 
judicial, which  the  engine  has  to  overcome,  be  reduced  to  the  piston 
Off  a  driving  pohU.  For  example,  suppose  that  while  the  piston 
perfonns  a  stroke,  of  the  length  s^  a  given  part  of  the  mechanism 

\ 
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movtss  thiongli  the  distance  ti,  against  the  resistance  R\  Thou  the 
equivalent  resistance^  directly  appHed  to  the  piston^  is 

tnd  the  total  reaistcmee  reduced  to  the  piston,  obtained  by  adding 
together  all  such  quantities  as  the  above,  may  be  denoted  as 
follows : —  * 

R  =  2--E' ..(1.) 

Now  if  N  be  taken,  as  in  the  last  Article,  to  denote  the  number 
of  strokes  in  a  given  time,  such  as  a  minute,  the  work  performed 
by  the  piston  in  that  time  is 

NijErrN-D-^'R'; (2.) 

and  this  being  equated  to  the  energy  exerted  by  the  fluid  on  the 
piston  in  the  same  time,  as  given  in  Article  263,  formulas  4  and  5, 
gives  for  the  eqyalvm  of  energy  cmd  work,  the  following : — 

1^8'R  =  wV=^^^y (3.) 

Another  form  of  expression  for  the  same  principle  is  obtained  by 
dividing  both  sides  of  the  above  equation  by  N  «  A,  as  follows  : — 

B=_E_     (4) 

Now  the  first  side  of  this  equation  is  the  total  resistance  per  imit 
of  area  of  piston ;  and  the  second  side  is  the  mean  eflective  pressure 
of  the  fluid;  so  that  the  principle  expressed  by  it  may  be  stated  as 
follows : — 

In  a  heat  engine  moving  wUh  an  uniform  periodical  m^otion,  tfie 
mean  effective  preastire  of  the  fluid  is  equal  to  the  total  resistance  per 
unit  of  area  of  piston. 

The  proper  mode  of  applying  this  principle  to  the  steam  engine 
was  first  pointed  out  by  t'le  Count  de  Pambour  in  his  works  On 
Lowmotives,  and  on  the  Theory  of  the  Steam  Engine,  It  may  be 
summed  up  as  follows,  leaving  the  details  to  be  explained  further 
on: — 

The  resistance  is  in  general  determined  by  the  nature  of  the 
work  performed  by  the  engine;  so  that  in  most  cases,  R  is  known 
from  data  independent  of  the  action  of  the  fluid. 

The  resktance  being  a  fixed  quantity,  fixes  the  mean  eflective 
pressure  according  to  equation  4;  in  other  words,  the  action  of  th« 
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fluid  adjusts  itee^  until  the  mean  effective  pressure  balances  the 
resistance.  The  process  by  which  that  adjustment  takes  place  maj 
be  stated  generally  thus : — ^if  the  mean  effective  pressure  is  at  first 
greater  than  the  resistance,  the  motion  of  the  engine  is  accelerated; 
that  isy  the  number  of  strokes  in  a  given  time  is  increased;  the 
quantity  of  heat  expended  per  stroke  is  diminished;  and  the  mean 
effective  pressure  is  diminished;  and  this  goes  on  until  the  mean 
elective  pressure  exactly  balances  the  resistance.  If  the  mean 
effective  pressure  is  at  first  less  than  the  resistance,  the  motion  of 
the  engine  is  retarded  until  the  same  adjustment  is  effected  by  a 
process  precisely  the  converse  of  that  above  described. 

The  mean  effective  pressure  being  thus  determined,  the  quantities 
XT,  Vg  —  ^1,  and  the  various  values  of  p  and  r,  at  different  parts  of 
the  stroke,  can  be  deduced  from  it  by  principles  to  be  afterwards 
explained,  depending  on  the  nature  of  the  fluid,  and  the  manner  in 
which  its  action  is  regulated  in  the  particular  engine.  Then  from 
equation  6  of  Article  263,  it  appears  that  the  number  of  strokes  in 
a  given  time  can  be  computed  by  the  formula 

^^^,p^ 

2f$5.  ElBeleMcy  •€  the  Fluid  In  wlu  Elementuy  Kcat  Enf^lBe. — An 

elementary  heat  engine  is  one  in  which  the  reception  of  heat  by 
the  fluid  takes  place  wholly  at  one  absolute  temperature  t^,  and  its 
rejection  wholly  at  another  absolute  temperature  r^  Consequently, 
in  such  an  engine,  the  change  between  those  two  limiting  tempera- 
tures must  be  made  entirely  by  compression  and  expansion  of  the 
fluid.  In  fig.  100,  let  A  B  be  part  of  the  iso- 
thermal line  of  rjL,  D  C  part  of  that  of  r* ;  and  let 
A  D  M,  B  C  N,  be  a  pair  of  adiabatic  lines,  cor- 
responding respectively  to  any  two  thermodyna- 
mic functions  ^„  ^^y  aii<i  produced  indefinitely 
towards  X.  Then  will  ABC  D  be  the  diagram 
of  an  elementary  heat  engine  receiving  heat  at 
the  absolute  temperature  t^,  and  rejecting  heat 
at  Tj.  The  action  of  such  an  engine,  during  one 
v\tt  100  stroke,  consists  of  four  operations,  represented 

^       '  by  the  four  sides  of  the  figure  ABOD,  as 

follows : — 

A  B,  expansion  of  the  fluid  at  the  higher  limit  of  temperature  r^ ; 
B  C,  further  expansion,  without  reception  or  emission  of  heat» 
till  the  temperature  falls  to  ro ; 

0  D,  compression  of  the  fluid,  at  the  lower  limit  of  tempera- 
'ture  r^; 
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D  A,  farther  compression,  without  reception  or  emission  of  heai^ 
till  the  temperature  rises  again  to  t^. 

The  heat  received  bj  the  fluid  from  the  furnace,  at  each  stroke, 
during  the  process  A  B,  is  r^  (^j  -  ^.)  =  H^  and  is  represented  by 
the  indefinitely  produced  area  M  A  B  K.  The  heat  rejected  at 
each  stroke,  during  the  process  C  D,  and  abstracted  by  some  ro&i- 
gerating  substance  (such  as  the  jet  of  cold  water  in  the  condenser 
of  a  steam  engine)  is  r^  (^»  —  O  =  ^2^  ^^^  ^  represented  by  the 
indefinitely-produced  area  M  D  C  N.  The  heat  permanently  trans- 
formed into  mechanical  enei^  at  each  stroke  is  represented  by  the 
areaABCD 

=  Hi--H^  =  (n  -  rg)  (^-(P.) (1.) 

Consequently  the  efficiency  of  the  engine  is 

Hj      "     <i     "•Ti  + 461-2 ^'^ 

The  lajst  equation  expresses  the  law  of  the  efficiency  of  elementan/ 
ihermcdyruvrnic  engines^  viz, : — that  the  heai  traneformed  into  mecha- 
nical energy  is  to  the  whole  heat  received  by  the  fluid  as  the  range  of 
temperature  is  to  the  absolute  temp&rainjure  at  which  heat  is  received, 

266.    EadeBCf  of  tbe  Floid  in  Heat  JEnstaes  In  OenornL — Let 

the  closed  line  Aab3cdAhe  the  diagram  of  any  thermodynamic 
engine.  Draw  a  pair  of  adiabatic  lines  A  M,  B  N,  touchmg  the 
closed  line  in  A  B,  respectively,  and  indefinitely, 
produced  in  the  direction  of  O  X.  Then  through- 
out the  process  represented  by  the  part  A  a  5  B  of 
the  diagram,  the  fluid  is  receiving  heat,  and 
throughout  the  process  represented  by  the  part 
BcdAf  is  rejectiDg  heat.  Cut  an  indefinitely  nar- 
row band  firom  the  diagram  by  any  pair  of  indefi-  ® — tj — -— - 
nitely-close  adiabatic  Imes  adm,bcQi,  correspond-  ^* 

ing  to  the  thermodynamic  functions  p,  ^  +  d(py  respectively ;  and 
let  the  absolute  temperatures  con'esponding  to  the  elements  ab,  cd, 
be  r^,  rj,  respectively.  Hien,  treating  the  band  a  6  c  c?  as  the  dia- 
gram of  an  elementary  engine,  we  End  (expressing  quantities  of 
heat  in  foot-pounds), 

Heat  received  during  the  process  ab  =  indefinitely-produced  area 

fnabn^d'H.i=zr^d^; 
Heat  rejected  during  the  process  c  ^  =:  indefinitely-produced  area 

mdcn=sdM^  =  T2d^; 
Heat  transform^  into  mechanical  eneigy  =  area  a  6  c  «I  s  c^  H^ 
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OonsequenUjy  whole  heat  reoeived  by  the  fluid, 

^  =tareaMAa6BN  =  Hi=  j"^"  rj^d^ (1.) 

Whole  heat  rejected, 

=  areaMArfcBN  =  H2=:  f^  r^d(p (2.) 

Heat  transformed  into  mechanical  eneigy^ 

=  U  =  area  Aa6BcrfA  =  Hi-.H2 

=  f(p    p')  dv^  f  (i;-tO  rfp=  JJ^  (T,-r^d^ (3.) 

Efficiency  of  the  engine 

U  ^  H^-H,  ^   j^Jl-'^'^f 


.(:.-■" 


(*■) 


267.  Heat  Koffine  ^f  REaztniiiiii  SMciencr- — Between  given  limiU 
of  tempercUure,  the  efficiency  of  a  thermodynamic  engine  is  the 
greatest  possible,  when  the  whole  reception  of  heat  takes  place  ai 
the  higher  limit,  and  the  whole  rejection  of  heat  at  the  lower;  that 
is  to  say,  when  the  engine  is  an  demerUary  engine;  and  the  effi- 
ciency of  the  fluid  in  such  an  engine  is  independent  of  the  nature 
of  the  fluid  employed. 

268.  Keat  EcMiOMlBer,  ar  BcgeiienUmr. — To  fulfil  strictly  the 
above  condition  of  maximum  efficiency  between  given  limits  of 
temperature,  the  elevation  of  the  temperature  of  the  fluid  must  be 
performed  wholly  by  compression,  and  the  depression  of  its  tem- 
perature wholly  by  expansion;  operations  which  are  in  many  cases 
impracticable,  from  the  great  bulk  of  cylinders  which  their  per- 
formance would  require. 

This  difficulty  is  almost  entirely  avoided  by  the  following  process 
for  producing  alternate  elevation  and  depression  of  temperature 
with  a  small  expenditure  of  heat,  invented  about  the  year  1816  bj 
the  Eev.  Dr.  Bobert  Stirling,  and  subsequently  improved  and 
modified  by  Mr.  James  Stirlmg,  Captain  Ericsson,  Mr.  Siemens, 
and  others. 

The  fluid  whose  temperature  is  to  be  lowered  is  pained  through 
the  interstices  of  an  appaititus  called  an  economizer  or  regenerator, 
formed  by  a  number  of  thin  plates  of  metal  or  other  solid  conduct- 
ing substopce,  or  by  a  network  of  wires,  exposing  a  great  sur&ce 
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'Within  a  small  space.  The  material  of  the  economizer  becomes 
heated  by  the  cooling  of  the  fluid.  When  the  temperature  of  the 
fluid  is  again  to  be  raised,  it  is  passed  through  the  interstices  of  the 
economizer  in  the  contrary  direction,  and  the  heat  which  it  had 
previously  given  out  is  in  part  restored  to  it. 

It  is  impossible  to  perform  this  process  absolutely  without  waste 
of  heat.  In  some  experiments  by  Mr.  Siemens,  on  air,  the  waste 
of  heat  at  each  stroke  appears  to  have  been  about  one-twentieth 
part  of  the  heat  alternately  abstracted  from  and  restored  to  the 
air;  and  in  the  air  engines  of  the  ship  ''Ericsson,"  about  one- 
tenth. 

269.  ig#jHnb«tic  liincs. — One  condition  of  the  economical  work- 
ing of  the  economizer  is,  that  the  quantity  of  heat  given  out  by  the 
fluid  during  any  given  stage  of  the  lowering  of 
its  temperature  shall  be  equal  to  the  quantity 
received  by  it  during  the  corresponding  stage  of 
the  raising  of  its  temperature.  This  condition  is 
realized  in  the  following  manner: — 

Let  E  F  be  an  arbitrary  line  representing  the 

mode  of  variation  of  the  presaure  and  volume  of  ^^  ^ 

the  fluid  during  the  lowering  of  its  temperature.  p.    ^ 

Let  G  H  be  the  corresponding  line  for  the  raising  ^' 

of  the  temperature  of  the  fluid.     Let  K  L,  M  N,  be  any  pair  of 

ibothermal  lines,  intersecting  G  H  in  A  and  D,  and  E  F  in  B  and 

C,  respectively.     Let  ^a,  ^  ^o.  ^d,  be  the  thermodynamic  functions 

for  these  four  points.    Then  if,  for  every  possible  pair  of  isothermal 

lines, 

the  lines  E  F  and  G  H  have  the  required  property,  and  are  said  to 
be  isodiabatic  with  respect  to  each  other. 

Section  4. — Of  the  Efficiency  of  Air  Engines, 

270.  ThcnMi  liimes  fmr  Air. — ^The  ease  with  which  air  is  obtained 
in  any  quantity,  and  its  safety  from  explosion  at  high  temperatures, 
have  induced  many  inventors  to  devise  engines  in  which  it  is  the 
working  fluid. 

Very  few,  however,  of  those  engines  have  been  brought  into 
practical  operation,  owing  chiefly  to  the  difficulty  of  obtaining  a 
sufficiently  rapid  convection  of  heat  to  and  from  the  mass  of  air 
employed,  and  to  the  necessity  for  using  a  more  bulky  cylinder 
than  is  required  for  a  steam  engine  of  the  same  power,  and  with 
the  same  maximum  pressure. 

The  efficiency  of  air  engines  is  here  treated  of  before  that  oi 
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steam  engines,  becanse  of  the  greater  simplicity  of  its  mathematical 
principles. 

In  such  investigations  as  the  present,  air  may  without  sensible 
error  be  treated  as  a  perfect  gas. 

Each  %8other7naL  line  for  a  perfect  gas  is  a  common  rectangular 
hyperbola^  whose  asymptotes  are  O  X,  O  Y,  its  equations  being 

pv^p^v^.  - (1.) 

For  air,  p^  t?o  ■;•  r©  =  53-15 

foot-pounds  per  degree  of  Fahrenheit. 

Each  adwhaiic  Ime  for  a  perfect  gas  is  a  curve  of  the  hyperbolic 
kind,  having  O  X,  O  Y,  for  asymptotes,  its  equation  being 

p  t;*'=  e^  =  constant. (2.) 

r  for  air  =1-408. 
See  Article  251. 

Each  pair  of  iaodiahatic  lines  for  a  perfect  gas  are  so  related  to 
each  other,  that  if  v,  v\  be  the  abscissae  of  the  points  of  intersection 
of  these  two  lines  respectively,  with  one  and  the  same  isothermal 
line,  the  ratio  v :  t?'  is  a  constant  quantity  for  all  isothermal  lines. 
The  same  is  the  case  with  the  ratio  p :  p'.  It  follows  from  this,  that 
all  straight  lines  of  constant  volume,  parallel  to  O  Y,  are  mutually 
isodiabatic  (which  is  equivalent  to  saying  that  the  specific  heat  at 
constant  volume  is  constant),  and  also  that  all  straight  lines  of 
constant  pressure,  parallel  to  O  X,  are  mutually  isodiabatic  (which 
is  equivalent  to  saying  that  the  specific  heat  under  constant  pres- 
sure is  constant).     See  Article  250. 

271.  ThenBodynaiiiic  FnnctloM  for  Air. — ^When   the  two  fonns 

of  the  thermodynamic  function,  given  respectively  in  Article  246, 
and  in  Article  248,  viz., 


and 


^=:fe  hyp  log  r  +  I  ^e^t?; 
^=(fe+?^)hyplogr-/^(;p; 


are  applied  to  a  perfect  gas,  it  is  to  be  observed  (as  already  stated 
in  Article  251)^  that  for  a  substance  in  that  condition^ 


\ 
\ 


\ 
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and  also^  as  has  been  shown  in  Article  250^  that 


yPo'^0 


These  values  being  introduced  under  the  signs  of  integration^  give 
the  following  results : — 

^^Pj^o  ^^_^  +  hyp  log  ,;)  +  coDBtant (1.) 

^  ^  afo  ^V  hyp  log  >  _  ^^  ^^  ^^  ^  ^^^^^^ ^2.) 

In  these  formulae,  the  value  assigned  to  the  arbitrary  constant 
introduced  hj  integration  is  immaterial  j  because  the  diffidences 
between  thermodynamic  functions  have  alone  to  be  considered  in 
any  problem;  and  from  them  the  arbitrary  constant  disappears. 

The  values  of  the  co-efficients  in  the  above  formulae,  for  air, 
though  they  have  already  been  given  in  Article  251,  may  here,  for 
the  sake  of  convenience,  be  repeated 


—i-v  =  2-451;  -^  =3451; 
y  -  1  y  -  1 

^^  =  53-15  foot-lbs.  per  degree  of  Falirenheit 

^0 


.(3.) 


.(4.) 


In  using  the  formulae  1  and  2  with  tables  of  common^  instead  of 
hyperbolic  logarithms,  it  is  to  be  observed  that 

hyp  log  n  =  com  log  n  x  hyp  log  10; 

hyp  log  10  =  2-3026  nearly; 

^^  X  hyp  log  10  =  53-15  x  2-3026  =  122-38 

f oot-lba  per  degree  of  Fahrenheit^ 

272.  PcKfect  Air  Englac  withmit  Bcg«MnUor. — Fig.  100  (Article 
265)  may  be  taken  to  represent  the  diagram  of  the  eneigy  exerted 
hy  one  pound  of  air  during  one  stroke  of  an  engine  of  this  class. 

Let  r^  and  r^  be  the  absolute  temperatures  of  receiving  and 
rejecting  heat  respectively. 

Then  A  B  is  part  of  a  common  hyperbola^  the  isothermal  curve 
of  r^;  and  its  equation  is 
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pv^ ?^  •  ri  =  53-15 Tj (1.) 

C  D  is  part  of  a  common  hyperbola,  the  isothermal  curve  of  ^,; 
and  its  equation  is 

pv  =  P^  .  r,  =  53-15r2 (2.) 

B  0  and  D  A  are  portions  of  adiabadc  curves,  whose  equation& 
are  of  the  form  given  in  Article  270,  equation  2. 
Let 

^m9  ^to   ^a  ^dt 

denote  respectively  the  pressures  in  lbs.  on  the  square  foot,  and  the 
volumes  in  cubic  feet,  of  one  lb.  of  air,  corresponding  to  the  four 
angles  of  the  diagram,  A,  B,  C,  D.  Then  the  proportions  of  those 
quantities  are  r^ulated  by  the  following  formulie : — 

^-  =  5=^  =  ?J=r; (3.) 

Pi       V.      p,       Vt         '  ^  ' 

M=(?)-=(?.r (^) 

s-5=(:i>-^=(^;r ('•) 

In  equation  3,  r  denotes  the  ratio  ofexparaion  ami  eompresdm 
of  the  air  al  coTistamt  temperature,  which  is  arbitrary,  and  is  to  be 
fixed  by  considerations  of  convenience. 

If  a  certain  quantity  of  air  is  confined  within  the  engine,  acd 
used  over  and  over  again  to  drive  the  piston,  the  absolute  values  of 
the  pressures  and  volumes  whose  ratios  are  given  in  equations  3, 4, 
and  5,  ai^e  arbitraiy  also.  But  if  the  air  is  wholly  or  partly  dis- 
charged at  each  stroke,  and  a  fresh  supply  of  air  taken  in  from  the 
atmosphere,  the  minimum  pressure  p„  maximum  volume  v^  of  one 
lb.  of  air,  and  temperature  of  rejection  of  heat  r^  =j9«i7«  ^  53*15, 
are  fixed,  being  those  of  the  external  air.  If  the  temperature  ^^  of 
receiving  heat  is  also  fixed,  then  the  pressure  and  volume  p^  r», 
are  fixed  by  the  formule 

P^=P.-^)      ;«'»=".   i,^)      J (6-) 

so  that  nothing  remains  arbitrary  except  the  ratio  r,  of  expansion 
and  compression  at  constant  temperature,  which  having  been  fixed 
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according  to  oonyenienoe,  fixes  the  other  limitB  of  pressore  and 
volume^  viz., 

Let  0„  ^  be  the  thermodynamic  fiinctions  proper  to  the  curves 
A  D,  B  C,  respectively.  Then  according  to  Article  271,  equations 
1,  3,  and  4,  the  difference  of  those  functions  is 


.(8.) 


f»-f.  =  ^^(hyp  log  r» -hyplogr.) 

=s  53-15  hyp  log  r 
=  122-38  com  log  r 

being  a  function  of  the  ratio  of  escparunon  at  constant  temperature 
alone. 

Introducing  this  value  into  the  general  equations  of  Article  265^ 
we  find  the  following  results : — 

Wliole  expendiifure  of  heat  in  foot-pounds  of  efMrgy^  per  pound  of 
air  per  stroke — 

Hj  =  rj(^j-^.)  =53-15  rj  -hyp log r=  122-38  Tj  -com log r;... (9.) 

Heat  rejected  and  abstracted  hy  refrigeraiing  apparatus — 

Hj  =  T2(^^-^.)  =  5315  Tj  -hyplogr  =  122-38  r^  -com log r;... (10.) 

Mechanical  energy  exerted  on  piston — 

IJ  =  Hi-H2  =  (ri-r2)((p,-(p.)  =  5315(rj-r2)  hyplogr 

=  122-38  (ri-^-g)  com  log  r (11.) 

Efficiency  qfjhiid  (as  in  the  general  case) — 

h;=^ C^) 

If  it  were  possible  to  perform  the  whole  cycle  of  operations  on 
the  air  in  one  cylinder,  the  space  to  be  swept  through  by  the  piston, 
per  pound  of  air  per  stroke,  would  be  the  difference  between  the 
greatest  and  least  volumes  of  a  pound  of  air;  that  is  to  say, 


.-..=.{.-1(11)""}; ('^> 
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and  the  VMan  effective  preavure  would  be 

t;,-t7.  '^         I        1   /r«\a^l  -...(14.) 


-K5)' 


There  may,  on  the  other  hand,  be  a  compressing  pamp  as  well 
as  a  toorking  cylinder,  the  air  being  supplied  to  the  pump  at 
the  pressure  and  volume  p„  v„;  compressed  at  the  constant  absolute 
temperature  r^  to  the  pressure  and  volume  ^^,  v^;  compressed  with 
elevation  of  temperature  to  p«,  v„;  then  tremsferrod  to  the  working 
cylinder,  and  expanded  at  the  constant  absolute  temperature  t^,  to 
the  pressure  and  volume  p^  v^;  then  expanded  with  depression  of 
temperature  back  again  to  p^,  v^;  and  then  dischaiged.  In  this 
case  the  compressing  pump  and  working  cylinder  must  be  of  equal 
size;  and  the  piston  of  each  of  them  must  sweep  simply  through 

the  nrifL-yimnTn  volumC 

". ; (15.) 

per  pound  of  air  per  stroke,  giving  for  the  mean  effective  pressure 

T.^P'  {^^-^)^7Plogr (   16.) 

When  the  engine  takes  its  periodical  supply  from  the  external 
air,  p^  is  the  atmospheric  pressure. 

It  is  often  convenient  to  express  the  expenditure  of  heat  in  foot- 
pouTide  per  cubic  foot  avxpt  tfvrough;  that  is,  to  state  a  pressure  in 
pounds  on  the  square  foot,  which,  acting  on  the  piston,  would 
exert  energy  equivalent  to  the  heat  expended.  This  is  given  by 
the  formula 

-^^orli, (17.) 

as  the  case  may  be. 

The  following  is  a  numerical  example  :— 

Data* 

Batio  of  expansion,  r  =  2. 

p^  s=  2116-4  Iba  on  the  square  foot. 

Temperatures  on  the  ordinaiy  scale,  Tj  =  650**  F.     Tg  =  150°  F 
Absolute  temperatures, t^  =  1111'2      ^^2=  611-2. 
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Kesults* 

„  _  S  --  15-35  cubic  feet  per  lb. 

Tben  by  equation  8 — 

Thermodynamic  function  ^»  -  ^.  =  122*38  x  '30103  =  36-84. 

By  the  foimula  (6) — 

p^  =  16656;  r»  =  3546. 
By  the  formula  (7) — 

P^  =  2|?»  =  33312;  v.  =  |  =  1-773; 

/>^  =  2 1?,  =  4232-8;  t;^  =  |  =  7-675; 

By  equations  9^  10^  11 — 

Foot-lbfl. 

Hj  =  heat  rejelrtei".. ....... .'.'...'....  611-2  x  36-84  =  22,517 

TJ  =  energy  exerted  on  piston,.. 

By  equation  12 — 

Efficiency  of  fluid 


500 

X  36-84  = 

=  18,420 

U 

500 
=  1111-2  = 

=  0-45 

For  one  cylinder  acting  as  compressing  pump  and  working 
cylinder,  by  formula  13,  14 — 
Space  swept  through  per  lb.  air  per  stroke— 

r,  —  V.  =  13-58  cubic  feet. 

Heat  expended  per  cubic  foot  swept  through — 

-r-;r— TT  =  3014  Ibs.  ou  tho  square  foot 
lo-oo 

Mean  effective  pressure — 

-r^^  =  1356  lbs.  on  the  square  foot  =  9-42  lbs.  on  the  square  inch. 

For  separate  compressing  pump  and  working  cylinder,  by  for- 
mulse  15,  16— (See  pages  550  and  568.) 
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Space  swept  through  by  each  piston  per  lb.  air  per  stroke — 

v^  =  15*35  cubic  feet. 

Heat  expended  per  cubic  foot  swept  through — 

40937 

zr^~icir  =  2666  lb&  on  the  square  foot. 

lO'oo 

Mean  effective  pressure — 

-=-r-^-  sa  1200  lbs.  on  the  square  foot  =  8-33  lbs.  on  the  square  inch. 

This  last  result  illustrates  one  of  the  practical  difficulties  attend- 
ing the  use  of  air  engines  in  which  the  changes  of  temperature  are 
to  be  effected  by  means  of  changes  of  volume,  viz.,  the  smallness  of 
the  mean  effec  ive  pressure  compared  with  the  maximum  pressure, 
and  the  c(  nsequ3nt  great  bulk  and  strength  required  for  an  engine 
of  a  given  power.  In  the  supposed  example,  the  excess  of  the 
maximum  pressure,  p«,  above  that  of  the  atmosphere,  is 

33312  -  2116  =  31196  lb&  on  the  square  foot 

=  216'6  lbs.,  on  the  square  inch; 

and  the  strength  of  the  cylinder,  and  of  other  parts  of  the  engine, 
must  be  adapted  to  sustain  this  great  pressure,  of  which  the  mean 
effective  pressure  is  only  about  one  twenty-sixth  part 

The  better  to  illtlstrate  the  bulk  required  for  the  engine,  on  the 
supposition  of  there  being  a  sepaitite  compressing  pump  and  work- 
ing cylinder,  it  may  be  observed,  that  the  volume  to  be  swept 
through  by  the  piston  in  its  effective  strokes  per  minute,  to  give  om 
indicated  horse-fowery  would  be 

33000       „,,,      ^^'    c   . 
.j2^^-  =  27i  cubic  feet 

273.  Perfect  Air  Bnglaes  with  Beg«icnit*rm  !■  OmmnL — Fig. 
102,  Article  269,  may  be  taken  to  represent  the  general  case  of  the 
diagram  of  an  engine  of  this  clas&  A  B,  D  C,  are  portions  of  two 
isothermal  lines,  being  common  hyperbolas;  A  D,  B  C,  are  portions 
of  a  pair  of  isodiabatic  lines,  of  any  figure  whatsoever,  but  con- 
nected together  by  the  condition  explained  in  Article  270. 

The  structure  of  a  regenerator,  or  heat  economizer,  has  already 
been  explained  in  Article  2^%, 

The  operations  undergone  by  the  working  mass  of  air  an 
represented  in  the  diagram  as  follows : — 
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C  D  represents  the  compression  of  the  air,  at  the  lower  limit  of 
absolute  temperature  r^  the  heat  produced  by  the  compression 
being  abstracted  by  a  retiigerating  apparatus  of  some  kind. 

D  A  represents  the  series  of  changes  of  pressure  and  volume 
undergone  by  the  air  in  passing  through  the  grating  or  network  of 
the  regenerator;  which  having  been  previously  heated,  gives  out 
enough  of  heat  to  the  air  to  raise  it  to  the  higher  limit  of  absolute 
temperature  r^. 

A  B  represents  the  expansion  of  the  air  at  the  absolute  tempera- 
ture «\. 

B  C  represents  the  series  of  changes  of  pressure  and  volume 
undergone  by  the  air  in  passing  back  again  through  the  grating  or 
network  of  the  regenerator,  to  the  material  of  which  apparatus  it 
gives  out  so  much  heat  ha  to  lower  its  own  absolute  temperature 
back  to  rjj  and  that  heat  remains  stored  in  the  regenerator  until 
employed  to  raise  the  temperature  of  the  air  at  the  next  stroka 

By  thus  storing  and  restoring  a  certain  quantity  of  heat,  the 
alternate  lowering  and  raising  of  the  temperature  of  the  air  is 
effected  without  the  expenditure  for  that  purpose  of  any  heat  from 
t)io  furnace^  except  such  as  is  required  to  supply  the  waste  of  heat 
that  occurs  in  the  regenerator;  that  waste,  according  to  experi- 
ment, being  from  one-tenth  to  (me-twentieth  of  the  whole  quantity  of 
heat  required  to  raise  the  temperature  of  the  air  at  each  stroke; 
which  quantity  of  heat,  per  pound  of  air,  has  the  following  value 
in/oot-pounds : — 

130-3  {-i-r^^jpd v; (1.) 

in  which  j  pdv  denotes  the  area  between  one  of  the  isodiabatic 
lines  (as  A  D),  and  the  ordinates  let  fall  from  its  ends  perpendicular 
to  0  X;  and  that  area  is  to  be  <  g-iV+jJL^^  \  according  as  ]  j)  f 

is  the  farther  from  O  Y. 

(For  an  adiabatic  line,  the  expression  1  becomes  =  0). 

In  the  air  engines  which  have  been  used  in  practice,  the  weight 
ofTnaterial  in  the  regenerator  appears  to  have  been  abovi  forty  times 
tlie  weight  of  the  air  passed  through  it  at  one  stroke. 

The  formulfiB  for  the  relations  amongst  the  pressures,  volumes, 
and  temperatures,  for  the  expenditure  of  heat  in  expanding  the  air, 
the  energy  exerted  per  lb.  of  air  per  stroke,  and  the  efficiency,  are 
the  same  with  those  in  the  last  Article^  except  that  the  ratio, 

which  in  an  engine  without  a  regenerator  is  fixed  by  equation  4  of 

2a 


3o4 
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Article  272,  becomes  arbitrary  in  an  eogine  with  a  regenerator. 
Hence  all  the  equations  of  Article  272  hold  in  the  present  case, 
except  4  and  its  consequences,  viz.,  5,  6,  13,  and  14;  instead  of 
which  we  have  simply  the  relations  given  in  the  formula  2  of  the 
piesent  Article. 

The  volume  swept  through  by  the  piston  per  pound  of  air  at  each 
stroke  cannot  be  less  than  the  difference  between  the  greatest  and 
least  volumes  of  the  air,  and  may  be  greater  to  an  extent  depending 
on  the  structure  and  mode  of  working  of  the  particular  engine. 

Particular  cases  of  that  structure  and  mode  of  working  will  be 
considered  in  subsequent  Articles;  meanwhile  the  diagrams  of 
energy  of  two  of  the  more  important  cases  are  presented  at  one 
view  in  fig.  103. 

In  that  figure,  A  B  A'  B'  is  the  isothermal  line  of  the  higbcr 
limit  of  temperature^  and  jyODC  that  of  the  lower.    A  D,  B  C, 


Fig;  108. 

are  a  pair  of  adiabatic  curves,  so  that  A  B  C  D  is  a  diagram  for  thej 
case  already  considered  in  Article  272.  D  A',  C  B',  are  a  pair  of 
straight  lines,  each  corresponding  to  a  constant  pressure ;  so  that 
A'  B'  C  D  is  the  diagram  of  an  engine  in  which  the  changes  of  I 
temperature  take  pl^  at  constant  pressures.  A  jy,  B  C,  are  i' 
pair  of  straight  lines,  each  corresponcfing  to  a  constant  volume; ' 
that  A  B  C  D'  is  the  diagram  of  an  engine  in  which  the  changes  at 
temperature  take  place  at  constant  volumes. 

274.  TempenUan  Changed  at  Cmutmmt.  Pveamre  —  Kriemtm** 
JBagiBe. — ^To  illustrate  the  structure  of  en^es  whose  diagrams 
approximate  more  or  less  closely  to  A'  B'  C  I)  in  &g.  103,  a  sketch 
of  the  principal  parts  of  Captain  Ericsson's  air  engine  (as  used 
about  the  year  1852)  is  given  in  fig.  104,  which  is  a  vertical  section 
of  a  single  acting  land  engine  of  that  kind. 

B  is  the  womng  cylinder,  placed  over  the  fnmace  H.    This 
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Fig.  104. 


cylinder  consists  of  two  parts;  the  upper  part,  accurately  turned, 
in  which  the  piston  works,  and  the  lower  part,  less  accurately 
made,  and  of  somewhat  hunger 
diameter,  in  which  the  air  re- 
ceives heat  from  the  fiimace. 

A  is  the  piston  of  that  cylin- 
der, consisting  of  two  parts.  The 
npper  part  is  accurately  fitted, 
and  provided  with  metallic  pack- 
ing, so  as  to  work  air-tight  in  the 
tipper  part  of  the  cylinder.  The 
lower  part  is  made  of  the  same 
shape  with  the  lower  part  of  the 
cylinder,  but  of  less  dimensions, 
so  as  nearly  to  fit  the  cylinder, 
but  without  touching  it.  This 
lower  part  is  hollow,  and  is 
filled  with  brick  dust,  fragments 
of  fire  clay,  or  some  such  slow 
conductor  of  heat.  The  object  of  this  is  to  resist  the  transmission 
of  heat  to  the  upper  parts  of  the  cylinder  and  piston,  and  especially 
to  the  packing,  in  order  that  the  bearing  surfaces  of  the  cylinder 
and  packing  may  be  kept  cool.  The  cover  of  the  cylinder  B  has 
holes  in  it  marked  a,  to  admit  the  external  air  to  the  space  above 
the  piston. 

D  is  the  compressing  pump,  being  a  cylinder  standing  on  the 
cover  of  the  working  cylinder.  C  is  the  piston  of  the  compressing 
pump,  connected  with  the  piston  A  by  three  or  by  four  piston  rods, 
of  which  two  are  shown,  and  marked  cL  The  space  below  the 
piston  C,  and  above  the  piston  A,  forms  one  continuous  cavity, 
communicating  freely  with  the  external  air  through  the  holes  a, 
E  is  the  upper  piston  rod,  by  which  the  pistons  C  and  A  are  con- 
nected with  the  mechanism.  That  rod  traverses  a  stuffing  box  in 
the  cover  of  the  compressing  pump. 

The  compression  of  the  air  takes  place  in  the  upper  part  of  the 
compressing  pump.  The  air  enters  through  the  admission  clack  c, 
is  next  compsessed,  and  is  then  forced  through  the  discharge  dack  e 
into  a  receiver  or  magazine  of  compressed  air,  F. 

G  is  the  regenerator,  being  a  box  containing  several  layers  of 
wire  gauze,  which  are  traversed  by  the  air  when  it  enters  and  leaves 
the  working  cylinder. 

h  is  the  induction  valve,  and/  the  eduction  valve,  both  worked 
by  the  mechanism  of  the  engine.  When  b  is  opened,  air  is  admit- 
ted from  the  receiver  F  through  the  r^enerator  into  the  cylinder, 
and  lifts  the  piston  A.    After  a  portion  of  the  stroke  has  been  per- 
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formed,  b  is  shut,  and  the  admission  of  air  cut  off;  the  remainder 
of  the  stroke  of  the  piston  A  is  performed  by  the  expansion  of  the 
air.  During  the  return  stroke,  the  eduction  valve /is  kept  open, 
and  the  air  driven  out  through  the  regenerator,  and  through  the 
exhaust  pipe  g,  into  the  atmosphere. 

The  ratio  of  the  sizes  of  the  compressing  pump,  and  of  the  work- 
ing cylinder,  ought  to  be  that  of  the  absolute  temperatures  of 
receiving  and  rejecting  heat;  that  is, 

compressing  pump  _  r^  .  . 

working  cylinder  ~"  Tj ^  *' 

As  the  lengths  of  their  strokes  are  the  same,  the  above  ratio  h 
that  of  the  areas  of  their  pistons. 

Referring  back  to  fig.  103  in  the  last  Article,  the  diagram 
A'  B'  C  D  may  be  taken  to  represent  the  action  of  one  lb.  of  air 
during  one  stroke  in  this  engine,  when  the  conditions  of  maximum 
efficiency  between  given  limits  of  temperature  are  fulfilled.  Pro- 
duce AD  to  E,  andB'CtoF.  Then  E  D  C  F  is  the  diagram  of 
the  compressing  pump,  and  E  A'  B*  F  the  diagram  of  the  working 
cylinder.  F  C  represents  the  admission  of  the  air  from  the  atmo- 
sphere into  the  compressing  pump  at  the  atmospheric  pressure^/, 
C  D  its  compression  in  that  pump  at  the  constant  al»olute  tem- 
perature Tg,  until  its  pressure  is  raised  to  p^,  the  heat  produced  br 
the  compression  being  dissipated  by  conduction,  or  taken  away  by 
some  refrigerating  apparatus.  Owing  to  the  elevation  of  tempera- 
ture required  in  order  to  cause  this  heat  to  be  given  out  as  rapidJj 
as  it  is  produced,  r^  is  always  higher  than  the  temperature  of  the 
external  air,  but  to  what  extent  is  uncertain. 

D  E  represents  the  expulsion  of  the  air  from  the  compressing 
pump  into  the  receiver. 

E  A',  the  admission  of  the  air  into  the  working  cylinder,  when, 
by  its  passage  through  the  regenerator,  its  absolute  temperature  is 
raised  to  r^,  and  its  volame  increased  from  v^  to  ««. 

In  order  that  the  operations  represented  by  D  E  and  E  A'  mav 
be  performed  without  any  sensible  fidling  off  in  the  pressure,  the 
engine  ought  to  be  triple,  or  still  better,  ^wdruple  (like  that  which 
was  tried  in  the  steamer  "  Ericsson '\  consisting,  in  the  latter  case, 
of  a  set  of  four  cylinders,  each  with  its  own  compressing  pump,  all 
driving  the  same  shaft,  and  communicating  with  the  same  receiver, 
and  making  their  strokes  in  succession  at  intervals  of  a  quarter  of 
a  revolution*  This  arrangement  is  desirable  also  in  order  to  obtain 
steady  motion. 

A'  K  represents  the  expansion  of  the  air  in  the  working  cylinder 
after  its  admission  is  cut  off,  at  the  constant  absolute  tempenttore 
rp  until  the  pressure  returns  to  the  atmospheric  pressure.    The  heat 
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required  for  this  expansion  is  supplied  hj  the  furnace  through  the 
bottom  of  the  cylinder. 

B'  F  represents  the  final  expulsion  of  the  air,  in  the  course  of 
which  it  traverses  the  regenerator  in  the  reverse  direction^  and 
transfers  to  the  wire  gauze  a  quantity  of  heat  which  is  used  at  the 
next  stroke  to  raise  i^e  temperature  of  the  next  mass  of  air. 

The  following  are  the  formulae  appropriate  to  this  class  of 
engines: — 

Data. 

•"i,  temperature  at  which  heat  is  received  by  the  air  from  the 
furnace,  and  the  air  expanded 

r^  temperature  at  which  the  air  is  compressed,  and  heat  ab- 
stracted. 

p^  atmospheric  pressure,  if  the  engine  draws  its  air  directly 
from,  and  discharges  its  air  directly  into  the  atmosphere,  as  in  the 
engine  just  described 

r,  ratio  of  expansion  at  constant  temperature. 

Eesults, 

all  of  which  have  reference  to  one  stroke  of  one  pound  of  air,  pres- 
sures in  pounds  on  the  square  foot,  and  volumes  in  cubic  feet — 

Pressures^ 


^*  =  ^-^       I (2.) 

Pd=Pa  =  rp^  ) 


Volumes,  v.^^^^^^^' 


P. 

53-15  r. 


.(3.) 


n  =  -   V.  = 
<?d  =   -  i  ^'a  =  -  =  ;^  V^ 

r  r      ^2  ' 

Thermodynamic /u/riction,  as  in  Article  272 — 

<p^  -  (Z>.  =  53-15  hyp  log  r  =  122-38  com  log  r (4.) 

Expenditure  o/hecU  in  expcmding  Hie  air,  as  in  Article  272 — 

Hi  =  122-38  r^  com  log  r (5.) 

Heai  refected  during  the  compression  of  the  air — 

Hg^  122-38  rg  com  log  r (6.) 

Ifeehamcal  energy,  as  in  Article  272 — 

U  =  122-38  (rj  -  Tg)  com  log  r (7.) 
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EfficieTUiy,  supposing  no  Iveat  wasted,  as  in  Article  272 — 

w-'-^' («•) 

Seat  stored  and  restored  by  regenerator,  in  foot-lbs. — 

K,  (ti  -c^  =  183-45  (r,  -  r^ (9.) 

If,  according  to  Mr.  Siemens*s  experiments,  one-twentieth  of  thia 
quantity  of  heat  is  wasted,  the  efficiency  will  be  diminished  to 

E (10.) 

But  from  experiments  made  by  Professor  Norton  on  the  ship 
"  Ericsson,"  it  seems  probable  that  the  waste  in  the  regenerator 
was  more  nearly  one^tenth  than  one-twentieth  of  the  heat  stored; 
and  in  that  case  we  have  for  the  diminished  efficiency 

Hi  +  18-35  (ri  -  Tg) (^^  ^^ 

Volume  swept  through  by  the  piston  A,  per  pound  of  air  per 
stroke — 

=f» ("•) 

Jfean  effective  pressure,  per  unit  of  area  of  the  piston  A — 
E  =  p^ .  :l  r_!2  .  hyp  log  r  =  2-3026 p.  •  ^^^^^  com  log  r...  (12.) 
Heat  expended  per  cubic  foot  swept  through,  not  including  waste — 

XT 

^-i  =;?,  hyp  log  r  =  23026  p.  com  log  r. (13.) 

The  same,  with  the  addition  of  the  supposed  waste  from  the 
regenerator — 

H,  +  mK,(r,-r^ 

=  p,( 2-3026  com  log  r  +  3-451  m  ^^4^^-) (H.) 

m  is  the  fraction  which  is  wasted  of  the  whole  heat  stored  by  the 
regenerator,  being  from  one-tenth  to  one-twentieth. 

In  the  following  numerical  example,  the  proportion  of  the 
working  cylinder  to  the  compressing  pump,  v^ :  v^,  and  the  ratio  of 
expinsion,  v^ :  v^  =  r,  are  those  of  the  air  engines  of  the  "  Ericsson ;" 
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bnt  tlie  temperatures  of  receiving  and  rejecting  heat^  and  the 
atmospheric  pressure,  are  merely  assumed  as  probabla  The  "waste 
of  heat  in  the  regenerator  is  assumed  at  one-tenth. 

Data. 

T,  =  122°;  ^2  ==  583«-2; 

Ti  =  4l3°-6;  T^  =  874^-8; 

1^.  =  2116-4; 

r=:1.54;  -^  =  1-5, 

'2 


Presamrea — 


Besults. 
jp»  =  2116-4;  ^g  =:jp.  =  3259-3. 


Yolumea — 

r,  =  14-65;  v^  (greatest  volume)  =  21*97; 

Vrf  =  9-51;  t?.=  14-27. 

Thennodynamic  function — 

(P,  -  (P.  =  122-38  X  0-1875  =  22-95. 

Foot-lbs. 
Latent  heat  of  expansion, H^  =  8748  x  22-95  =  20077 

rr    s        .^1.                 .                    183-45  x  29r-6         ^.^ 
Heat  vxKted  by  regenerator, r^r =    5349 


Wlu)le  heat  expended  per  lb.  of  air  per  stroke^ 25426 

Heat  rejected, Hg  =  583-2  x  22-95      13385 

Mechanical  energy  per  lb.  air  per  stroke — 

TJ  =  29r-6  X  22-95        6692 
Ejfficiency  of  fluid,  supposing  no  heat  wasted,  \. 
Efficiency  of  fluid,  estimating  heat  wasted  as  above— 
6692    -  0-063 

Mean  effective  pressure — 
^^         =  305  lbs.  on  the  square  foot  =2*12  lbs.  on  the  square  inch* 
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The  air  engines  of  the  "  Ericsson  "  had  four  working  i^linden, 
each  of  14  feet  in  diameter^  so  that  the  joint  area  of  their  pistom 
was 

154  X  4  =  616  square  feet. 

The  length  of  stroke  was  6  feet ;  the  number  of  reyolutions  per 
minute  9 ;  hence,  according  to  the  above  computation  of  the  mean 
effective  pressure,  the  energy  exerted  by  the  fluid  on  the  piston  wbj 

305  X  616  X  6  X  9  =  10,145,520  foot-lbs.  per  minute; 
or  307  indicated  horse-power. 

In  Professor  Norton's  report,  the  indicated  horse-power )  oqa 
of  those  engines  is  stated  to  have  been j 


Difference,. 


Vokums  to  he  swept  through  hy  the  working  pistons  per  indlcaUd  \ 

horse-power — 

33000       ,no      V.    r   X 

-^rr—  =  108  cubic  feet  per  minute; 

by  the  compressing  pistons,  72  cubic  feet  per  minute. 

These  results  show  the  excessive  bulk  of  the  air  engines  of  the 
*' Ericsson"  in  proportion  to  their  power;  being  the  chief  obstacle 
to  their  use  for  marine  propulsion. 

According  to  Professor  Norton,  the  quantity  of  fuel  (anthracite) 
consumed  in  those  engines  per  indicated  horse-power  per  hour,  was 

1-87  lb. 

This  gives,  for  the  duty  of  one  lb.  of  anthracite, 

1,980,000 


1-87 


=  1,059,000  foot-lbs. 


A  probable  estimate  of  the  theoretical  evaporative  power  of  the 
anthracite  used  is  14  lbs.  of  water  evaporated  from  and  at  212"", 
which  gives  for  the  mechanical  equivalent  of  the  total  heat  of  com- 
bustion of  1  lb.  of  the  fuel 

10,440,000  foot-lbs. 

Hence  the  resvUomit  efficiency  of  the  furnace  and  fluid  appears  to 
have  been 

1,059,000  _o.,^i, 

ior446;000  =  ^^^^^- 

The  probable  efficiency  of  the  fluid  has  already  been  computed  to 
have  been  0*263;  hence  the  probable  efficiency  of  the  furnace  was 
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0-263 


=  0*4  nearly; 


being  about  equal  to  the  lowest  efSciency  of  steam  boiler  furnaces. 
The  heating  surface  in  the  engines  of  the  "  Ericsson  "  consisted 
simply  of  the  bottoms  of  the  cylinders,  and  amounted  in  round 
Qumbers  to  about  700  square  feet.  The  consumption  of  fuel  per 
bour  -was  560  lbs.  Employing  these  data  in  equation  2  of  Article 
234,  and  making  B  =  H^  A  =  0*5  (or  taking,  in  the  table  of  page 
295,  the  efficiency  corresponding  to  S  -r  F  =  1'25),  we  find  for  the 
efficiency  of  a  ateamih  boiler  fwnuice  having  the  same  area  of  heating 
BUi£eu2e,  and  burning  fuel  at  the  same  rate, 

on. 

The  difference  between  this  and  0*4  must  be  ascribed  to  the 
great  inferiority  of  air  to  boiling  water,  as  a  medium  for  the  con- 
vection qfheai. 

It  appears  from  the  preceding  calculations,  that  notwithstanding 
the  low  efficiency  of  the  furnace  in  Ericsson's  air  engine,  the  effi- 
ciency of  the  fluid  was  so  great  as  to  give  a  resultant  efficiency 
superior  to  that  of  almost  all  steam  engines  at  the  time  of  the 
experiments  referred  to. 

The  difficulty  arising  from  the  great  bulk  of  the  engine  compared 
with  its  power,  might  be,  and  probably  has  been  already,  obviated 
to  a  certain  extent,  by  making  the  engine  draw  its  supply  of  air 
from,  and  dehver  the  air  from  the  eduction  valve  /  into,  a  second 
receiver  containing  compressed  air  at  a  lower  pressure  than  that  of 
the  air  in  the  receiver  F.  In  this  case,  p^  =p^  would  denote  the 
pressure  of  the  air  in  the  second  receiver,  exceeding  the  atmo- 
spheric pressure  in  an  arbitrary  ratio ;  j?^  =  jp«  =  r  j9„  as  before, 
would  denote  the  pressure  in  the  first  receiver  F;  and  the  mean 
effective  pressure  would  be  increased,  and  the  space  to  be  swept 
through  by  the  piston  per  horse-power  per  minute,  and  conse- 
quently the  bulk  of  the  engine,  would  be  diminished,  in  the  ratio 
ofp^  to  the  atmospheric  pressure. 

llie  engine,  as  thus  altered,  would  require  to  be  provided  with  a 
small  compressing  feed  pump,  to  draw  from  the  atmosphere  and 
force  into  the  second  receiver  enough  of  air  to  supply  the  loss  by 


A  refrigerator,  consisting  of  tubes  with  a  current  of  cold  water 
forced  through  them,  or  other  suitable  apparatus,  would  be  needed, 
in  order  to  abstract  from  the  air  passing  from  the  r^enerator  to 
the  second  receiver,  the  heat  which  the  regenerator  fails  to  abstract 
from  it,  by  reason  of  the  imperfection  of  its  action;  being  in  fact^ 
the  waste  heat  of  the  r^enerator  already  referred  to. 
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It  might  also  be  necessary  to  surround  the  compressing  pump  D 
■with  a  casing  containing  a  current  of  cold  water,  to  abstract  the 
heat  produced  by  the  compression  of  the  air;  because,  owing  to 
the  diminished  size  of  that  cylinder,  the  abstraction  of  the  heat  br 
means  of  its  contact  with  the  external  air  might  not  be  sofficientlT 
rapid. 

Some  means  would  have  to  be  adopted  to  augment  the  heating 
surface  exposed  to  the  furnace  by  the  working  cylinder,  without 
inconveniently  increasing  the  space  occupied  by  the  engine.  A 
contrivance  proposed  for  that  purpose  will  be  described  at  the  end 
of  the  next  Article. 

275.  Temperatnrc  Changed  at  Coastani  Volame — Stlriins^  EnsiBe 
—Napier  and  Rankinc*a  Air  Ileaten — In  fig.  103,  Article  273. 
A  B  C  D'  represents  the  diagram  of  a  perfect  engine  of  the  class 
now  under  consideration.  A  B  represents 
the  expansion  of  the  air  at  the  constant 
absolute  tempei-ature  r^ ;  B  C,  the  lower- 
ing temperature  of  the  air  by  transmission 
through  a  regenerator,  at  the  constant 
volume  Vf^  =  Vt}  C  D',  the  compression  of 
the  air,  at  the  constant  absolute  tempera- 
ture rz'}  D'  A,  the  raising  the  temperatuw 
of  the  air,  at  the  constant  volume  v^  =  v^ 

r' 

This  mode  of  regulating  the  operations 
undergone  by  the  air  is  suitable  for  an 
Fig.  106.  engine  in  which  the  same  individual  mas^ 

of  air  is  kept  constantly  confined  within  an  enclosed  space  of 
variable  volume:  an  arrangement  favourable  to  compactness,  as 
the  air  can  be  used  at  any  pressure  consistent  with  safety.  To 
show  the  general  nature  of  the  apparatus  by  means  of  which  the 
air  is  so  treated,  fig.  105  is  a  vertical  section  of  the  principal 
parts  of  the  air  engine  invented  by  Dr.  Robert  Stirling,  and 
improved  by  Mr.  James  Stirling.  DCABACD  is  the  air 
receiver,  or  heating  and  cooling  vessel;  G  is  the  cylinder,  with  its 
piston  BL  The  receiver  and  cylinder  communicate  freely  througL 
the  nozzle  F,  which  is  at  all  times  open  while  the  engine  works. 

Within  the  receiver  is  an  inner  receiver  or  lining  of  a  simikr 
figure,  so  far  as  it  extends,  viz.,  from  B  to  C  C.  The  hemispherical 
bottom  of  this  lining  is  pierced  with  many  small  holes,  and  the 
space  between  it  and  the  bottom  of  the  outer  receiver  is  vacant 
From  A  A  up  to  C  C,  the  annular  space  between  the  outer  receiver 
and  its  lining  contains  the  regeneiutor;  being  a  grating  composed 
of  a  series  of  thin  vertical  oblong  strips  of  metal  or  glass^  with 
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ETTOW  passages  between  them.  The  inner  surface  of  the  cylin- 
rical  part  of  the  lining,  from  A  A  up  to  C  C,  is  ttirned,  and  the 
lunger  E  moves  vertically  up  and  down  within  it,  fitting  easily, 
)  as  to  leave  the  least  space  possible  without  causing  perceptible 
iction.  This  plunger  is  hollow,  and  filled  with  brick  dust,  or 
)me  sacb  slow  conductor  of  heat. 

The  space  from  C  C  to  D  D  between  the  barrel  of  the  receiver 
ad  the  concave  part  of  its  cover,  and  above  the  upper  edge  of  the 
ning,  contains  the  " refrigerator"  which  consists  of  a  horizontal 
Dil  of  fine  copper  tube,  through  which  a  current  of  cold  water  is 
)rced  by  a  pump,  not  shown  in  the  figure. 

There  is  an  air  compressing  pump,  not  shown,  which  forces  into 
lie  nozzle  F  enough  of  air  to  supply  the  loss  by  leakage. 

The  hemispherical  bottom  A  B  A  of  the  receiver  forms  the  heat^ 
Qg  surface  which  is  exposed  to  the  furnace. 

The  effect  of  the  alternate  motion  of  the  plunger  E  up  and  down 
3  to  transfer  a  certain  mass  of  air,  which  may  be  called  the  working 
ir,  alternately  to  the  upper  and  lower  end  of  the  receiver,  by 
laking  it  pass  up  and  down  through  the  regenerator  between  A  A 
nd  C  C.  The  perforated  hemispherical  lining  of  the  bottom  of 
he  receiver  causes  a  diffusion  and  rapid  circulation  of  the  air  as  it 
lasses  into  the  lower  end  of  the  receiver,  and  thus  facilitates  the 
onvecfcion  of  heat  to  it,  for  the  purpose  of  enabling  it  to  undergo 
he  expansion  represented  by  AB  in  fig.  103;  during  which 
xpansion  it  lifts  the  piston  H.  The  descent  of  the  plunger  causes 
he  air  to  return  through  the  regenerator  to  the  upper  end  of  the 
«ceiver.  It  leaves  the  greater  part  of  the  heat  corresponding  to 
he  range  of  temperature  r^  —  r^  stored  in  the  plates  of  the  regen- 
erator. The  remainder  of  that  heat  (being  the  heat  wasted  by  the 
mperfect  action  of  the  regenerator)  is  abstracted  by  the  refrigerator, 
s^luch  also  abstracts  the  heat  produced  by  the  compression  of  the 
ur  when  the  piston  H  descends.  The  heat  stored  in  the  regenera- 
lor  serves  to  raise  the  temperature  of  the  air,  when,  by  the  lifting 
)f  the  plunger  E,  it  is  sent  back  to  the  lower  end  of  the  receiver. 

The  mechanism  for  moving  the  plunger  E  is  so  adjusted,  that 
^e  up  stroke  of  that  plunger  takes  place  when  the  piston  H  is  at 
>r  near  the  beginning  of  its  forward  stroke,  and  the  down  stroke  of 
the  plunger  when  the  piston  H  is  at  or  neai*  the  beginning  of  its 
back  stroka 

The  diagram  represents  a  single  acting  engine.  In  a  double 
icting  engine,  the  other  end  of  the  cylinder  G  is  connected  with 
mother  air  receiver  similar  to  that  shown,  and  the  plungers  of  the 
fw^o  receivers  are  made  to  move  in  opposite  directions  to  each  other. 

Besides  the  worhiTig  air,  there  is  obviously  a  mass  of  air  which 
ioes  not  pass  up  and  down  through  the  regenerator,  but  merely 


364  8TEAH  AUD  OTHER  HEAT  ENOIKEB.  I 

passes  into  and  out  of  the  cylinder  G  and  nozzle  F.  This  mass  ci 
air  remains  always  nearly  at  the  lower  absolute  tempenitare  «-^ 
and  is  not  the  meana  of  transforming  heat  to  mechanical  energjj 
but  merely  of  transmitting  pressure  and  motion  between  the  i^oii^ 
ing  air  and  the  piston*  GQie  piston  and  cylinder  being  always  ooolj 
can  be  lubricated  with  oil  without  the  risk  of  decomposing  it;  and 
the  piston  rod  can  be  made  to  work  through  a  leather  collar.  {Foi 
details  respecting  this  engine,  see  Proceedings  of  the  Imtiiutian  4 
Civil  Engineers f  1854.) 

The  general  theory  of  the  action  of  a  mass  of  elastic  fluid  in  i 
heat  engine  as  a  cushion  between  the  working  fluid  and  the  pistonJ 
has  alreEtdy  been  given  in  Article  262.  The  application  of  thaj 
theory  to  the  present  case  is  shown  in  fig.  106. 

Let  A  B  C  D  be  the  real  diagram 
of  one  lb.  of  the  working  mass  o^ 
air,  so  that  PB=  QC  =  v*  =  r^reJ 
presents  its  greatest  volume  in  cubic 
feet  per  lb.  This  represents  the 
space  below  the  plunger  of  the  rp- 
ceiver  when  it  is  at  the  top  of  its 
stroke.  Add  a  space  equal  to  the 
volume  of  the  air  contained  in  the 
Fig- 106.  p^^  -p^  jj^  ^jj^  clearance  below  the 

piston  H,  in  the  spaces  between  the  coils  of  the  refrigerating  tube, 
and  in  those  of  the  upper  half  of  the  regenerator;  the  sum  will  be 
the  whole  space  filled  with  air  when  the  piston  H  is  at  the  end  of 
its  back  stroke  and  beginning  of  its  forward  stroke.  Through  A 
draw  N I  parallel  to  OX  to  represent  that  space;  then  A I  repre- 
sents the  volume  of  the  cushion  air  when  it  is  under  the  greatest 
pressure.  Make  N  E  =  ATI,  and  make  E  F  H  G  an  isothermal 
curve ;  that  is,  a  common  hyperbola,  the  product  of  whose  rectan- 
gular co-ordinates  ONxNE,  OPxPF,  &c.,  ia  constant.  Draw 
P^B^F,  RDH,  Q  C  Q,  parallel  to  O  X,  and  make  WK  =  PF, 
DM  =  fi.H,  CL  =  QG;  then  K,  L,  M,  and  the  point  I  formerly 
found,  will  be  the  comers  of  the  actual  cUagram  of  the  cylinder; 
and  any  number  of  intermediate  points  in  that  diagram  can  be 
found  in  a  similar  manner.  The  volume  to  he  sto^  through  ly  the 
piston  per  pound  of  air  per  stroke  is  represented  by 

QL-ST 
The  ratio  of  the  weight  of  the  cushion  air  to  the  weight  of  the 
working  air,  being  that  of  the  volumes  of  those  masses  of  air  at  the 
same  temperature,  is 

QG-rQC. 
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The  algebraical  expression  of  these  principles  vnll  be  given  after 
he  formulsB  relating  to  the  efficiencj  of  the  fluid. 

The  actual  indicator  diagram  described  by  Stirling's  air  engine 
ras  an  oval,  resembling  the  figure  I  K  L  M  with  the  comers 
ounded  ofll  This  must  be  ascribed  partly  to  the  fact,  that  the 
perations  actually  performed  on  the  working  air,  are  only  approxi- 
lately  represented  by  the  figure  A  B  C  D,  the  heating  and  cooling 
ot  taking  place  exactly  at  constant  volumes,  nor  the  expansion 
nd  compression  exactly  at  constant  temperatures,  and  partly  to 
be  inertia  of  the  piston  and  other  moving  parts  of  the  indicator. 

The  following  are  the  formula  appropriate  to  the  class  of  engine 
low  under  consideration : — 

Data. 

«-|,  absolute  temperature  of  receiving  heat,  and  expanding  the 
rorking  air. 

T2,  absolute  temperature  of  compressing  the  working  air,  and 
ejecting  heat 

/>«9  greatest  pressure. 

r,  ratio  of  expansion. 

qy  ratio  of  volume  of  clearance  and  passages  to  greatest  volume 
f  working  air. 

Infig.l06,|i  =  H-y. 

Results, 
)er  lb.  of  working  air  per  stroke-^ 

i (1.) 

r      T^  r^    J 

Volumea  qfone  lb.  o/toorking  air — 

53-15  r 
Va  =  »4  =  — - — -;  t?»=t?.  =  rv. (2.) 

Pa 

ITiennodynamic/unetian — 

fj  -  ^.  =  53-15  hyp  log  r  =  123-38  com  log  r (3.) 

ExpendUure  of  heat  in  eocpanding  the  mr — 

B[i  =  122-38  «-^  com  log  r (4.) 
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Waste  heai  of  regenerator — 

mK^(ri-'rjj) (.1) 

(m  =:  fix)m  iV  to  ,V  ?  K»  =  130-3). 
Heat  rejected  during  the  compression  of  the  air — 

Hg  =  122-38  •  r^  •  com  log  r. 

Mechanical  energy — 

irr=  122-38  (r^-rg)  com  log  r 

Efficiency y  i£m=zTTr  nearly — 

TJ 


.(7.) 


Hi  +  i3(.,-r,y 


.(8.) 


The  following  formulae  have  reference  to  the  volmne  of  tL 
cuahion  air,  and  of  the  whole  air,  working  air  and  cushion  aii 
together,  per  lb,  oftoorking  air;  and  the  smidi  letters  afiElxed  to  ihi 
letter  v  i-efer  to  tiie  points  marked  with  the  corrospondinff  capita] 
letters  in  ^g.  106 :— 

Least  total  volume  of  air — 

t?,  =  (l  +  g)v, (9,) 

YofAMMs  of  cushion  ai/r — 

^/=^^-'  \ (10.) 


.(11.) 


r,  =  ^;t;,  =  rlit;.=  ^^.{(l+g)r-lj. 

Total  volumes — 

n  =  r*  +  v/;  v^=zv^  +  Vi,; 

Vi=zV,  +  V, 

Eatio  of  cushion  air  to  working  avr — 

^  =  11  (d +  ,),_!  } (12.) 

YduwA  swept  through  by  the  piston  per  Ih.  of  air  per  stroke— 
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,,_..  =  ..{  (,_l)!x+,(,^i_l)} (13.) 

Mecun  effective  preaini/re — 

-^ (U.) 

The  quantities  taken  as  data  in  the  preceding  set  of  formnlee  are 
those  which  would  probably  be  given  for  a  proposed  engine.  In 
the  case  of  an  existing  engine,  and  sometimes  in  the  case  of  a  pro- 
posed engine  also,  the  ratio  of  expansion  r  may  at  first  be  unknown ; 
and  instead  of  it  these  may  be  given,  the  proportion  of  the  space 
swept  through  by  the  piston  to  the  space  swept  through  by  the 
plunger,  viz., 

Vj--Vi 

In   this  case,  the  following  formula,  deduced  from  equation  13, 
serves  to  determine  the  ratio  of  expansion : — 


r 


=TT-,{^'('^'+«)  +  '}' O^) 


which  having  been  found,  all  the  formulae  can  be  used  as  already 
given. 

In  the  following  numerical  example,  the  data  are  taken  from  the 
account  by  Mr.  James  Stirling,  in  the  Proceedings  of  the  InetitiUum 
of  Civil  Engineers,  for  1845,  of  an  air  engine  which  worked  for 
several  years  at  the  Dundee  foundry : — 

Data. 

Ti  =  650°j  T^  =  llir-2. 

T2  =  150°j  ^2  =  611-2. 

jp^rz  240x144  =  34,560. 

q,  roughly  estimated  at  005. 

Eesults. 

r  =  jig  {  0-55  (0-5  +  0-06)  +  1  }=  1-24. 

p^  =  27870;  p,  =  15330;  p^  =  19000. 
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r. z=  r^  =  1-709;  n  =  v.  =  2-119. 
f*  -  f.=  122-38  X  0-09517  =  11-647. 

Latent  heat  of  expansion, H^  =  11-647  x  1111-2  =  12943 

Waste  heat  of  regenerator, 13  x  500=  6500 

Whole  heat  expended  per  lb.  of  air  per  stroke, 1 9442 

itejected  heat, Hj  =  11647  x  611-2        7119 

Mechanical  energy  per  lb.  air  per  stroke — 

U  =  11-647x500=  5823 

EfficUncy  offlvidr—         T94I3  =  ^'^• 

Volume  swept  by  piston  per  lb.  of  air  per  stroke— 

t7,-r<  =  2119  ^  2  =  1-06  cubic  feet. 

Mean  effective  pressure — 

^  5823       ^,^^,^ 

=  -T-xTT  =  5437  lbs.  on  the  square  foot 

Vf-Vi       1-06  ^ 

=  37-75  lbs.  on  the  squai-e  incL 

The  engine  to  which  these  calculations  refer  was  double  acting, 
with  a  cylinder  of  16  inches  diameter,  and  4  feet  length  of  stroke, 
making  28  revolutions  per  minute. 

Hence,        area  of  piston  =  200  square  inches;  and 

Energy  exerted  by  air  on  piston  per  minute,  as  found  by  calcula- 
tion— 

=  37-75 x200x4x28x2  =  1,691,200  foolrlbs. 

The  work  actually  performed  against  a  friction 

brake  dynamomet^  per  minute  was, 1,500,000 

And  the  work  performed  against  the  friction  of 
the  engine  when  unloaded,  having  been  found 
to  be  one-ninth  of  the  useM  work,  or. 1 66,66'j 

The  energy  exerted  by  the  air  on  the  piston  per 
minute  is  found  from  the  experiments  to  have 


1,666,667 

The  difference  between  theory  and  experiment,....  24,533 

is  practically  unimportant 
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The  work  expended  on  the  fidction  of  the  engine  is  estimated  at 
one- tenth  of  the  whole  energy  exerted  by  the  air;  because  it  was 
found  that  when  the  receivers  were  charged  with  air  at  about  one- 
tenth  of  the  ordinary  working  density,  the  power  of  the  engine  was 
just  sufficient  to  enable  it  to  move  unloaded. 

The  following  is  a  comparison  between  theory  and  experiment, 
as  to  the  quantity  of  heat  abstracted  by  the  refrigerating  appara- 
tus : — 

By  theory,  the  efficiency  of  the  fluid  in  the  engine  is  found  to 
have  been  0*3 ;  that  is,  three-tenths  of  the  whole  heat  received  by 
the  fluid  were  converted  into  mechanical  energy,  leaving  seven- 
tenths  to  be  abstracted  by  the  refrigerator.  Therefore,  the  heat 
abstracted  by  the  refrigerator  exceeded  the  heat  converted  into 
mechanical  energy  in  the  I'atio  of  7  to  3.  The  mechanical  energy 
exerted  by  the  fluid  was  1,691,200  foot-lbs.  per  minute.  Therefore 
the  heat  abstracted  by  the  refrigerator  per  minute  was 

h 

1,691,200  X  -=  3,946,000  foot-lbs. 

Mr.  Stirling  states,  that  the  quantity  of 
water  passed  through  the  refrigerator 
was  4  cubic  feet;  that  is,  250  lbs.  per 
minute,  and  that  its  temperature  was 
raised  from  16°  to  18**  by  the  heat  which 
it  abstracted.  Take  W  as  the  average 
elevation  of  its  temperature;  then,  as  the 
dynamical  specific  heat  of  water  is  772 
foot-lbs.,  we  have,  for  the  heat  abstracted 
by  this  quantity  of  water,  250  xi7x722«  3,281,000       „ 


Difference 665,000 

or  about  one-sixth  of  the  greater  quantity. 

This  difference  may  be  partly  accounted  for  by  the  fact,  that  part 
of  the  heat  abstracted  from  the  working  air  must  have  been  con- 
ducted through  the  covers  and  the  upper  portions  of  the  sides  of 
the  receivers  to  the  external  air,  without  affecting  the  water  in  the 
coils  of  tube.  It  is  possible,  also,  that  the  waste  of  heat  through 
impeifect  action  of  the  regenerator  may  have  been  over-estimated 
ill  the  theoretical  calculation. 

The  energy  exerted  by  the  fluid  in  an  hour  was 

1,666,667  X  60  =  100,000,000  foot-lbs. 

The  fuel  consumed  in  12  hours  was  1000  lbs.,  or  83*3  lbs.  per 
Lour,  80  that  the  indicated  duty  of  one  lb.  of  ooal  was 

2b 


870 
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100^0^^  J  200,000  foot-lbs. 

Mr.  Stirling  considers  the  coal  employed  to  have  been  of  aboi] 
three-fourths  of  the  evaporative  power  of  Newcastle  coaL  Assnn 
ing,  therefore,  the  total  heat  of  combustion  of  one  lb.  of  the  coal  t 
have  been 

9,000,000  foot-lbs., 

•we  find  for  the  resuUant  effioimcf/  of  the  fumaoe  and  fluid, 

1,200,000 


9,000,000 


=  0133. 


The  efficiency  of  the  fluid  having  been  0*3,  it  appears  that  th 
efficiency  of  the  furnace  was 

The  heating  surface  was  about  75  square  feet.  In  a  steam  boilt? 
furnace,  burning  the  same  quantity  of  fuel,  this  would  have  givt] 
an  efficiency  of  about 

0-61. 

In  Stirling's  engine,  therefore,  the  efficiency  of  the  fumac< 
approached  more  nearly  to  that  of  a  steam  boiler  furnace,  than  ii 

Ericsson's  engine,  owing  pro 
bably  to  the  greater  density  <  • 
the  air,  and  its  more  rapid  cir 
dilation  over  the  bottom  of  th< 
receiver. 

With  a  view  to  increasing  th< 
efficiency  of  air  engines  by  ol> 
taining  an  extensive  heating 
surface,  without  inconvenient! v 
enlarging  Uieir  bulk,  Mr.  Jame^ 
B.  Napier,  and  the  Author  oi 
this  work,  have  proposed  the 
heating  apparatus  shown  in  ^g. 
107.  That  figure  represents 
the  bottom  of  a  cylindrical  aii 
/*  receiver,   consisting  of  a  flat 

^  tube-plate,  from  which  several 
tubes,  open  at  the  upper  end, 
and  closed  at  the  lower  end^ 

F  is  the  lower  end  of  a  plunger, 


uiu 


\     1 


Rg.  107. 
descend  into  a  flame  chamber. 
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corresponding  to  that  marked  E  in  fig.  105.  In  fig.  107,  the 
r^enerator  occupies  a  cylindrical  hole  in  the  cenl^  of  that 
plunger;  but  it  might,  if  convenient,  occupy  an  annular  space 
surrounding  the  plunger,  as  in  &g,  105. 

S  is  a  second,  or  lower  plunger,  consisting  of  a  perforated  plate, 
from  which  cylindrical  rods  descend  into  the  tubes,  and  neai*ly  fit 
them.  When  the  lower  plunger  is  depressed,  the  rods  nearly  fill 
the  tubes,  and  the  heat  transmitted  from  the  furnace  accumulates 
in  the  metal  of  the  tubes  and  rods.  When  the  lower  plunger  is 
raised,  part  of  the  air  descends  into  the  tubes,  and  is  heated  by 
contact  with  them  and  with  the  rods,  and  part  remains  in  the  large 
cylindrical  part  of  the  receiver,  and  is  heated  by  contact  with  the 
upper  ends  of  the  rods.  This  apparatus  has  been  found  to  heat  the 
air  rapidly;  but  its  efficiency  has  not  yet  been  ascertained  by  any 
exact  experiment 

276.  Seat  Becelred  and  Bcjccied  at  CowuUuat  Vreamnem — JToale's 
Ensiae^ — ^In  a  paper  by  Mr.  Joule,  with  a  supplement  by  Professor 
William  Thomson,  in  the  FhUosophiccU  Trarisactiona  for  1851,  it  is 
proxx>sed  to  use  an  air  engine  in  which  the  regenerator  and  refri- 
gerator are  dispensed  with;  so  that  the  air  shall  receive  and  reject 
heat,  not  at  a  pair  of  constant  temperatures,  but  at  a  pair  of  con- 
stant pressures. 

This  proposed  engine  would  consist  essentially  of  three  parts — ^a 
compressing  pump,  a  heating  vessel  (being  a  set  of  tubes  tmversing 
a  furnace),  and  a  working  cylinder.  The  compressing  pump 
and  worlang  cylinder  would  be  clothed  with  non-conducting 
materials. 

The  compressing  pump  would  draw  air  from  the  atmosphere, 
compress  it  in  a  certain  proportion,  and  force  it  into  one  end  of 
the  heating  vessel,  at  a  temperature  elevated  above  the  atmospheric 
temperature  to  an  extent  corresponding  to  the  compression.  In 
the  heating  vessel,  the  air  would  have  its  temperature  further 
raised,  and  its  volume  expanded,  at  constant  pressure,  by  the  heat 
received  from  the  furnace.  From  the  farther  end  of  the  heating 
vessel,  the  air  would  pass  through  an  induction  valve  into  the 
working  cylinder,  driving  the  piston  through  a  certain  part  of  a 
stroka  The  valve  being  closed,  and  the  admission  of  air  cut  off, 
the  piston  would  be  driven  through  the  remainder  of  its  stroke  by 
the  expansion  of  the  air  down  to  the  atmospheric  pressure;  and 
during  that  expansion,  the  temperature  would  &dl  to  a  certain 
extent.  The  air  would  then  be  discharged  into  the  atmosphere 
at  a  temperature  exceeding  the  atmospheric  temperature,  the 
heat  due  to  the  excess  of  temperature  being  rejected  along  with 
the  air. 

In  fig.  108,  A  B  C  D  A  represents  the  diagram  of  energy  of  such 
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an  engine,  being  found  bj  taking  away  E  A  D  F  E,  the  diagram 
of  the  compressing  pump,  from  E  B  C  F  E,  the  diagram  of  the 
working  cylinder. 

The  straight  line  F  D  represents  the  volume  v^  of  one  lb.  of  air, 
drawn  from  the  atmosphere,  at  the  atmospheric  pressure  p^  and 
absolute  temperature  r^ 

D  A,  a  portion  of  an  adiabatic 
curve,  represents  the  compres- 
sion of  that  air,  until  it  attains 
the  pressure,  volume,  and  tem- 
perature, />.,  v„  T^ 

The  stmght  line  E  A  lepre- 
sents  the  volume  t?.  of  the  corn- 
Fig.  108.  press^  air,  as  forced  into  the 
heating  ve^eL 
The  straight  line  E  B  represents  the  volume  v^  of  that  air  after 
it  has  traversed  the  heating  vessel,  and  as  it  enters  the  working 
cylinder  under  the  constant  pressure  p^  and  at  the  highest  absolute 
temperatiu:e  t^. 

B  C,  a  portion  of  an  adiabatic  curve,  meeting  the  straight  line 
F  D  0  in  C,  represents  the  expansion  of  the  air  to  the  volume  r« 
at  which  it  returns  to  the  atmospheric  pressure  p^  ^^p^,  and  &lls  to 
a  certain  temperature  r^ 

C  F  represents  v^  the  volume  of  the  air  when  finally  expelled 
into  the  atmosphere. 

The  heat  received  by  each  pound  of  air  is  represented  by  the 
area  between  A  B,  and  the  indefinitely  prolonged  adiabatic  curves 
ADM,BCK 

The  heat  rejected  with  each  pound  of  the  air  when  discluuqged  is 
represented  by  the  area  between  D  C  and  the  curves  D  M,  C  N. 

The  energy  exerted  by  each  pound  of  air  is  represented  by  the 
area  A  BCD. 

The  volume  swept  through  by  the  piston  of  the  working  cylinder 
per  pound  of  air  is  F  C  =  v, :  the  volume  swept  through  by  the 
piston  of  the  pump  is  F  D  =  v^. 

The  following  are  the  formulse  proper  to  this  kind  of  engine:— 

Data. 

Atmospheric  pressure  and  absolute  temperature,  p^  r^ 
Batio  of  compression  and  expansion,  r. 
Highest  absolute  temperature,  r^ 
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EsSULTSy 

per  pound  of  air. 

Absolute  Uawperalwr^   ■ 

r.=  r,rr-l  =  T,,*«Jr.  =  ^ (1.) 

Pressures — 

Pm^Ph^^Pdii^ ^ Pdi^^^'>  P.=Pd (2.) 

Volumes — 

53-15  T^ 
Pd 


V4  Tj  T5 


r,  =  r  t?j  =  Va  ' 


,.(3.) 


Heat  received — 

Hi  =  183-45  (r,  -  r.)  -  183-45  (r»  -  r^  »**«) (4.) 

Heatr^eeted — 

Hj  =  183-45  (r.  -  r,)  =  183-45  {^-  -,)  =^,i ...  (6.) 
Energy  exerted — 

U  =  H,-H,=  183-45 {  '.  (1  - ^) -'-(****- 0} 

=  Hx(l-^); (6.) 

Efficiency  of fAiid — 

5. = iL=^- = :iz:i= 1  -  ^ (7.) 

J  =  3451;>a(^^-l)  (1  -1^-,^) (a) 

The  following  is  a  numerical  example,  wHch,  however,  is  ima- 
ginaiy,  as  no  experiments  have  been  made  on  engines  of  the  kind 
now  considered  ;^ 
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Data. 

^^  =  2116-4;  T^  =  50^^'r^  =  51^•2; 
r=2; 

"Results, 

f^  =  1-327;  ^=0-7537;  ^  =  |. 

T.=678°-3  .-.  T.  =  217M;  t.  =  770-6  .-.  T,  =  309H. 

2?.  =jt>»  =  2'654  X  2116-3  =  5617;  ;?.=Pjj=  2116-3, 

v^rs  12-84;  v.  =  6-42;  t;»=:9-68;  v.  =  19-35; 

Hi  =  183-45  X  344°-l  =  63128 

Hs  =  183-45  X  259-4  =  47583 

U  =  183-45  X  84-7      15645 

Efficiency  of  fluid,         i|^  =  0-246. 

Mean  effective  pressure — 

-Y5-Q^  =:  802  lbs.  on  the  square  foot  s=  5-57  lbs.  on  the  square  incL 

If  an  engine  of  this  class  were  made  to  work  np  to  a  high  tem- 
perature, it  would  be  necessary  to  keep  the  packing  of  the  piston 
cool  by  some  such  means  as  making  uie  lower  part  of  the  piston, 
as  in  Ericsson's  engine,  hang  considerably  below  the  packing  ring, 
its  interior  being  hollow^  and  filled  with  a  slowly  conducting 
material 

277.  Vnraaee-Ctes  BagtaM  — Caylcy^k— 0«rdlMi"B— AreBler  4t  te 
«r«e^k — The  greater  part  of  the  waste  of  heat  from  the  furnace 
might  be  prevented  if  it  were  practicable  to  drive  the  piston  of  an 
engine  directly  by  means  of  the  hot  gaseous  products  of  combus- 
tion. An  engine  of  this  kind  was  made  and  worked  ezperimentallj 
by  Sir  Oeoxge  Cayley.  It  consists  essentially  of  the  same  parts 
with  the  air  engine  described  in  the  preceding  Article,  except  that 
in  the  furnace  gas  engine,  the  heating  vessel  and  the  foniaoe  ara 
one;  that  is  to  say,  the  compressing  pump  draws  air  from  tiie 
atmosphere^  compresses  it^  and  forces  it  into  a  strong  «ir4aglit 
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fiimace,  where  its  oxygen  combines  with  the  fuel;  then  the  mixed 
liot  gas  produced  by  the  combustion  is  admitted  into  the  working 
cylinder,  where  it  drives  the  piston  through  part  of  its  stroke  at 
foil  pressure,  and  through  the  remainder  by  expansion,  until  it 
faHa  to  the  atmospheric  pressure,  and  is  discharged.  The  fdmace 
is  fed  through  a  double  valve,  which  is  so  constructed,  that  fuel  can 
"be  introduced  through  it  without  permitting  the  escape  of  more 
tlian  a  very  small  quantity  of  the  compressed  air. 

The  theoretical  diagram  of  such  an  engine,  and  the  formuliB 
applicable  to  it,  are  exactly  similar  to  those  given  in  Article  276, 
except  that  the  furnace  gas  is  somewhat  denser  than  air.  This 
difference  may  be  allowed  for  by  conceiving,  that  all  the  formulce, 
instead  of  having  reference  to  one  pound  of  the  gas,  have  reference 
to  so  much  of  the  gas  as  is  produced  by  supplying  one  povmd  ofakr 
to  the/umace. 

The  cylinder,  piston,  and  valves  of  this  engine,  were  found  to  be 

so  rapidly  destroyed  by  the  intense  heat,  and  the  dust  from  the 

fuel,  that  no  attempt  was  made  to  bring  it  into  general  practical  use. 

An  engine  on  nearly  the  same  principle  was  invented  by  Mr. 

Alexander  Gordon. 

Dr.  Avenier  de  la  Gr6e  has  proposed  a  kind  of  furnace-gas  engine 
in  which,  so  far  as  it  can  be  judged  of  by  mere  description,  without 
experiment,  the  difficulties  arising  from  the  dust  and  heat  may 
very  probably  be  overcome;  and  the  only  objection  will  be  that 
conmion  to  all  air  engines  which  draw  a  cylinderful  of  air  from 
the  atmosphere  at  each  stroke,  viz.,  the  greatness  of  their  bulk  in 
proportion  to  their  power. 

As  to  engines  in  which  the  air  is  heated  by  the  explosion  of 
coal-gas,  see  page  448. 

Section  6. — 0/^  Efficiency  of  the  Fluid  in  Steam  Engines. 

278.  TlMMreilcal  Diagmms  mt  Btemm  BngiMS  te  OeMraL — The 

sketches  which  have  already  been  given  in  fig.  17,  page  48,  and  in 
%  99,  page  337,  illustrate  the  general  character  of  the  diagrams 
which  incUcate  the  energy  exerted  by  the  steam  in  the  cylinders  of 
steam  engine& 

The  curves  actually  described  on  the  indicator  cards  of  these 
engines  present  so  many  differences  as  to  the  mode  in  which  the 
pressure  and  volume  of  the  steam  vary  during  its  action  on  the 
piston,  that  their  figures  cannot  be  expressed  exactly  by  any  general 
ay  stem  of  mathematical  formidas;  especially  because  in  the  present 
state  of  our  knowledge,  it  is  impossible  accurately  to  separate  those 
irregularities  in  diagrams  which  arise  from  real  fluctuations  in  the 
pressure  of  the  steam,  from  those  which  arise  from  the  friction  and 
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Fig.  109. 


inertia  of  the  moving  parts  of  the  indicator.  Some  of  those  irregn- 
larities  will  be  more  particularly  described  in  a  subeeqaent 
Article. 

In  order  that  it  may  be  possible  to  compute  from  theoreticai 
principles  the  power  and  efficiency  of  the  fluid  in  steam  engines, 
a  flgure  is  asaumed  for  the  diagram,  approximating  to  the  real 
figure,  but  more  simple  (see  fig.  109).  In  that  figure,  AB  repre- 
sents the  volume  of  a  certain  mass  of  steam,  when  admitted  into 
the  cylinder,  so  as  to  drive  the  piston  through  a  space  equal  to  that 
volume.  The  Jirst  assumption  by  which  the  diagram  is  simplificrd 
is,  that  the  pressure  of  the  steam  remains  constant  during  its 

admission,  so  that  A  B  is  a  straight 
line  parallel  to  0  X,  and  the  constant 
pressure  is  represented  by  O  A  =  G  B. 
The  curve  B  C  represents  the  ex- 
pansion of  the  steam  after  its  admis- 
sion is  cut  off.  In  actual  diagrams, 
this  curve  presents  a  great  variety  of 
figures,  depending  upon  the  com- 
munication of  heat  to  and  from  the 
steam,  and  other  causes,  and  almost 
always  contains  undulations,  which 
probably  arise  partly  from  vibrations  in  the  mass  of  steam  itself, 
and  partly  from  oscillations  due  to  the  inertia  of  the  indicator 
piston.  The  second  assumpHan  consists  in  assigning  to  the  curve 
B  0  one  or  other  of  two  definite  figures,  according  to  the  following 
suppositions : — 

I.  When  the  cylinder  is  either  exposed,  or  simply  cased  in 
slowly  conducting  materials,  such  as  felt  and  wood,  the  steam  is 
assumed  to  expand  without  receiving  or  giving  out  heat;  so  that 
B  C  is  an  adiabcUic  curve,  whose  form  will  be  explained  in  Article 
281. 

IL  When  between  the  slow  conducting  casing  and  the  cylinder, 
there  is  an  iron  casing  or  outer  cylinder  called  the  ''  steam  jacket," 
supplied  with  steam  from  the  boiler,  it  is  assumed,  that  the  heat 
communicated  by  means  of  that  jacket  to  the  steam  expanding  in 
the  cylinder,  is  just  sufficient  to  prevent  any  practically  appreciable 
part  of  it  from  becoming  liquid;  so  that  B  C  is  part  of  a  curve 
whose  co-ordinates  represent  the  pressures  and  the  volumes  of  a 
given  weight  of  steam  of  saturation. 

These  two  suppositions  have  reference  to  engines  in  which  the 
steam  is  not  "  superheated;"  that  is,  nused  to  a  temperature  above 
the  boiling  point  con^esponding  to  its  pressure.  The  action  of 
superheated  steam  will  be  considered  in  the  next  section. 
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The  third  assum/ption  is,  that  the  steam  is  exhausted,  or  dis- 
€hai^ged  firom  the  cylinder  during  the  return  stroke,  at  a  constant 
pressure;  so  that  the  lower  side  E  F  of  the  diagram  is  a  straight 
hne  pandlel  to  O  X;  and  the  constant  hack  presswre  is  represented 
hj  O  E  =  H  £,  which  may  be  equal  to,  or  less  than  the  pressure 
at  the  end  of  the  expansion  H  C.  (It  would  be  possible,  also,  to 
make  the  back  pressure  greater  than  the  pressure  at  the  end  of  the 
expansion;  but  this  never  occurs  in  engines  that  are  well  con- 
structed and  worked.)  The  third  assumption  involves  also  the 
assumption,  that  the  fall  of  pressure,  if  any,  at  the  end  of  the 
stroke  (represented  by  C  E),  takes  place  suddenly. 

The  value  taken  for  the  assumed  constant  back  pressure  ought 
of  course  to  be  equal  to  the  mean  value  of  the  actual  variable  back 
pressure,  so  far  as  it  can  be  accurately  ascertained  What  that 
mean  value  is  in  different  cases  will  be  considered  in  a  special 
Article. 

The  fourth  oMumption  consists  in  neglecting  the  volume  of  the 
liquid  water  as  compared  with  that  of  the  steam,  so  that  the  side 
FDA  of  the  diagram  is  a  straight  line  coinciding  with  OY, 
instead  of  being  a  cui've  having  ordioates  parallel  to  O  X,  represent- 
ing the  successive  volumes  of  the  water  as  it  sustains  a  gradually 
increasing  pressure  in  the  feed  pump,  and  corresponding  (though  of 
much  smaller  magnitude)  to  the  ordinates  parallel  to  O  X  of  the 
curves  marked  DA  in  figs.  104,  Article  274,  and  108,  Article  277. 
This  assumption  gives  rise  to  no  error  appreciable  in  practice. 

Thus  is  obtained  a  diagram  for  purposes  of  calcination,  of  the 
kind  of  form  represented  by  A  B  0  E  F  D  A,  of  which  the  side 
B  C  alone  is  curved.  Experience  proves,  that  although  in  a  dia- 
gram of  this  kind,  in  which  the  smaUer  fluctuations  of  &e  pressure 
are  neglected,  the  pressvres  corresponding  to  particular  positions  of 
the  piston  sometimes  differ  considerably  from  the  actual  pressures,, 
yet  the  differences,  being  in  opposite  directions  at  different  points 
of  the  diagram,  nsuiralize  each  other  in  such  a  manner,  that  the 
agreement  between  calculation  and  experiment  is  very  close 
as  regards  the  energy  exerted,  and  the  mean  ^ective  pressure; 
being  the  quantities  which  are  of  the  greatest  importance  in 
practice. 

For  the  present,  the  quantity  of  steam  acting  as  a  ctishion 
(Article  262)  is  supposed  either  to  be  inappreciably  small,  or  to 
bave  had  its  successive  volumes  calculated  and  deducted,  so  that 
the  diagram  in  fig.  109  is  freed  from  its  effects.  The  effect  of 
**  cushioning**  steam  will  be  considered  &rther  on. 

279.  V«nM  mf  Mxyrmaimn  for  BMcrgT. — The  following  notation 

will  be  employed  in  foxmulsB  relating  to  the  efficiency  of  steam:— 
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Qru^ty.  Symbol  ^"^SSSfv*^ 

Absoluie  presaures  ofsteam'^ 

During  the  admission, .....«      p^  0  A=rGB 

At  anj  time  during  the  ezpanflioDy       p  ordinate  of  B  C 

At  the  end  of  the  expansion,. .. •••       ^2  H  C  =  OD 

During  the  retui-n  stroke, p^  H  E  =  O  F 

AhaoltUe  temperatures — 

Of  the  steam  when  admitted, ,       t^ 

Of  the  steam  at  any  time  dur- ) 

ing  the  expansion, i 

Of  the  steam  at  the  end  of  the  \ 

expansion, J         ^^ 

Of  the  feed  water  supplied  to  ) 
the  boiler, j        ^* 

fTemperafures  on  ordinary  scale, T^^,  &a 

Volumea  of  one  lb,  of  steam — 

When  admitted, v^ 

At  anytime  during  the  expansion,       v 
At  the  end  of  the  expansion, v^ 

Density  of  steam  in  lbs,  per  cairn 
foot-^ 
When  admitted, D^ 

Vdvme   occupied   by  tJie  mass  of 
steam,  or  of  steam  and   liquid 

watery  under  consideraiion —  

When  admitted, t^  AB  =  OG 

At  any  time  during  the  expansion,       u  abscissa  of  B  C 

At  the  end  of  the  expansion, fi^:=sru^         WC=zGlB. 

EcUio  of  eoepa/nsion, r  =  ~  C^  +  AB 

Energy  exerted  by  one  U>.  of  steam,.,.      U 
Energy  exertedbythemass  of  steam)    u^  ^  AumnrA 

under eomideraiion, /   i^  ^  areaABCEFA 

,,         -^.                                 U                       areaABCEFA 
Mean  ^ecHve pressure, P4^—=Pm-Ps  g^ 

-,  the  reciprocal  of  the  ratio  of  expansion,  is  called  the  admissmt 

and  sometimes  the  cui  qjf,  being  the  fraction  of  the  stroke  at  which 
the  admission  of  steam  is  cut  o£ 

The  reason  for  having  t^e  symbol  u^  distinct  from  t^  to  denote 
the  volume  of  the  mass  of  steam  when  admitted,  is  toat  it  is  in 
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ome  cases  more  conyenient  to  consider  the  action  of  a  pon/nd  of 
team  (in  which  case  u^  =  i7j),  while  in  other  cases  it  is  more  con- 
renient  to  consider  the  action  of  so  much  steam  as  occupies  a  cubic 
bot  when  first  admitted  (in  which  case  u^=z\)',  or  rather^  to  speak 
ttrictlyy  so  much  steam  as  occupies,  when  first  admitted,  one  cubic 
bot  more  than  it  did  in  the  liquid  state;  but  the  difference 
>etween  these  two  definitions  of  the  mass  of  steam  under  con« 
ideration  is  neglected. 

The  relations  between  t  (=  T  +  461®-2  Fahrenheit)  p,  v,  and  D, 
ire  given  by  the  formulse  of  Article  206,  equations  1  and  2  (page 
?37),  and  of  Article  256,  equation  1  (page  326),  and  by  Tables  IV. 
md  YL  (As  to  the  interpolation  of  quantities  in  these  tables,  see 
&j-ticle  279  a,  immediately  following  the  present  Article.) 

There  are  two  modes  of  expressing  and  calculating  the  energy 
represented  by  the  area  of  the  diagram.  The  first,  which  corre- 
sponds to  that  expressed  for  diagrams  in  general  by  equation  2  of 
Article  263,  is  the  best  suited  for  purposes  of  exact  calculation, 
sind  of  reasoning  about  principles;  the  second,  which  corresponds 
to  the  expression  in  equation  1  of  the  same  Article,  is  the  best 
suited  to  a  certain  approximate  method  of  calculation,  which  is 
expeditious  and  convenient  in  practice. 

Method  I. — 

To  the  area  ABC  D, f^'udp 

Add  the  rectangle  DF  x  CD, +  u^  {p^-Pzi 


Then  the  area  A  B  C  E  F  A  =  ^  U  =  f ''^  w  c?i?  +  wj  (2?2  -Pzi  (1.) 

The  integral  in  this  expression,  as  will  afterwards  be  shown,  is 
calculable  by  the  aid  of  certain  functions  of  the  absolute  temperar 
tures  Tp  Tj. 

Method  n. — 

To  the  rectangle  O  Ax  AB, Pi'^ 

Add  the  area  GBOH, +f^pdu 

J  U\ 

And  subtract  the  rectangle  OF  xEE  '^Ps^ 


Then  the  aiea  A  BC  EF  A  =:^  U  =PiUi+r*pdU'-p^u^.{2.) 

According  to  this  fonn  of  expression,  the  mean  effective  pressure 
has  the  value 
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^•=^  =  ?1^  = ii; ft  =l'.-ft^.•..•(i) 

m  which  the  symbol  p^  denotes  the  Tnean  ffrasa  presmrey  or  mem; 
fortoa/rd  pressure,  which  is  represented  in  the  diagram  bj  the  mea.3 
height  of  the  line  ABO  above  O  X. 

The  convenience  of  this  second  method  arises  from  the  facty  ihoL 
within  the  limits  of  pressure  and  volume  which  nsnallj  occur  i  i 
practice,  the  curve  B  C  approximates  to  a  curve  of  the  hyperboli 
class;  that  is,  a  curve  in  which  the  ordinate  is  inversely  proper 
tional  to  some  power  of  the  abscissa,  as  expressed  by  the  equation 

/>««-, (4.) 

i  being  an  index  which  is  different  according  to  the  circumstances 
of  the  case,  and  is  to  be  found  by  trial  When  t  ^  1,  the  curve  ii 
a  common  h3rperbola,  and  the  area  O  A  B  C  H  is 

but  in  the  cases  which  occur  in  the  working  of  saturated  steam,  i 
is  fractional,  and  greater  than  1 ;  and  then  we  have 

from  which  is  obtained  the  following  expression  for  the  mean  for- 
ward  or  grass  pressure : — 

^-=^1'       ^,1      (7) 

Formula  of  this  kind,  and  tables  computed  by  means  of  them, 
such  as  Tables  VII.  and  VIII.  ab  the  end  of  the  volume,  are  con- 
venient in  approximate  calculations  for  practical  purposes,  especially 
as  they  do  not  involve  the  temperature. 

279  A.  VBtcrp«lBtloa  •€  Qmwtltfm  to  the  Tables. — ^When  in 
using  Table  IV.  or  Table  VI.  for  steam,  or  Table  V.  for  aether,  it 
is  required  to  find  some  quantity  intermediate  between  those  given 
in  the  table,  that  quantity  can  be  found  with  accuracy  sufficient  for 
ordinary  purposes  by  the  aid  oi  first  differences.  It  is  to  facilitate 
such  interpolation  that  the  logarithms  of  the  pressures,  densities, 
volumes,  and  quantities  denoted  by  L,  are  given,  together  with  the 
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iiccessiTe  dififerezioes  of  those  logarithms  (denoted  by  A);  because 
be  differences  of  the  logarithms  vary  mucli  less  than  those  of  the 
lumbers  to  which  they  belong. 

Suppose^  for  example^  that  it  is  required  to  find  from  Table  VI. 
he  volume  Y'  corresponding  to  a  pressure  P  which  lies  between 
w^o  of  the  pressures  given  in  the  table.  Let  P  be  the  next  less 
iressure  to  iP  which  is  found  in  the  table,  and  Y  the  correspond- 
n^  volume;  then,  approximately, 

log  V  =  log  V -  aog  F -  log  P)  •  ~/^y  >....(!.) 

nd  similar  methods  may  be  applied  to  other  quantities.  The  sign 
-  immediately  prefixed  to  a  log  Y  is  merely  the  algebraical  mode 
if  indicating  that  Y  diminishes  when  P  increases. 

For  example,  let  it  be  required  to  find  the  volume  of  a  pound  of 
team  in  cubic  feet  when  its  absolute  pressure  is  tioo  cUmosphe^-eSy 
iT  29 '4  lbs.  upon  the  square  inch,  or  4232*8  lbs.  on  the  square  foot 
=  P'.     The  next  less  pressure  in  the  table  is  4152.     Then 

log  F=  3-6266;  log  P  =  3-6183;  log  Y  =1-1461; 

A  log  P  =  0-0678;  -  a  log  Y  =  0-0637; 

ind  therefore, 

log  Y'=  1'1461  -  00083  •  ^  =  M383; 

07  o 

ind  V'=  13-75  cubic  feet  per  lb. 

280.  Back  PreMorc. — If  the  steam  working  in  steam  engines 
irere  unmixed  with  air,  and  if  it  could  escape  without  resistance 
uid  in  an  inappreciably  short  time  from  the  cylinder  after  having 
x>mpleted  the  forward  stroke,  the  back  pressure  would  be  simply, 
in  non-condensing  engines  (conventionally  called  ^*high  pressure 
iru/ines'*),  the  cUmospherie pressure  for  the  time;  and  in  condensing 
engines,  the  pressure  corresponding  to  the  temperature  in  the  con- 
denser.    This  may  be  called  the  pressure  of  condensation. 

The  mean  back  pressure,  however,  always  exceeds  the  pressure 
of  condensation,  and  sometimes  in  a  considerable  proportion.  One 
cause  of  this,  which  operates  in  condensing  engines  only,  is  the 
presence  of  air  mixed  with  the  steam,  which  causes  the  pressure  in 
the  condenser,  and  consequently  the  back  pressure  also,  to  be  greater 
than  the  pressure  of  condensation  of  the  steam.  For  example,  an 
ordinary  temperature  in  a  condenser  when  working  properly,  is 
about  104°  Fahrenheit,  to  which  the  corresponding  pressure  of 
steam  is  152*6  lbs.  on  the  square  foot,  or  1-06  lbs.  on  the  square 
incL     But  the  absolute  pressure  in  the  best  condensers  is  scaroeJly 
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ever  less  than  2  lbs.  on  the  square  inch^  or  nearly  doubU  of  th 
pressure  of  condensation. 

The  principal  cause,  however,  of  increased  back  preesore,  i 
resistance  to  the  escape  of  the  steam  firom  the  cylinder,  by  which 
in  condensing  engines,  the  mean  back  pressure  is  caused  to  b< 
firom  1  to  3  lbs.  on  the  square  inch  greater  than  the  pressure  in  ihi 
condenser.  There  is  as  yet  no  satisfactory  theory  of  that  resistance 
so  that  it  cannot  be  computed  for  any  proposed  engine  by  means  oi 
a  general  formula. 

The  back  pressure,  therefore,  in  proposed  condensing  engines 
can  for  the  present  only  be  estimated  roughly  from  the  results  oi 
experience  in  particul^  cases.  The  following  is  a  sumnuuy  oj 
some  such  results : — 

Mkah  Back  PBEasDRB,  /»,. 
Lbs.  on  the  Lbs.  on  the 

square  foot 
Batio  of  expansion  from  i^  to  3,...  720 

„  „         from  4  to  7, ....    648  to  504 

„  „         from  8  to  15,...    504  to  432 

There  is  a  deficiency  of  precise  experimental  data  on  this  sul- 
ject,  because  of  the  frequent  omission  to  observe  the  atmospheric 
barometer  at  the  time  when  the  indicator  diagrams  of  steam  engines 
are  taken.  The  consequence  of  that  omission  is,  that  the  diagrams 
show  only  the  effective  pressures  of  the  steam,  and  not  the  aJbadit''. 
pressures,  which  are  left  to  be  roughly  estimated  by  guessing  tlie 
probable  atmospheric  pressure. 

It  is  certain,  that  if  sufficient  experimental  data  existed,  the 
back  pressure  would  be  found  to  vary  with  the  speed  of  the  engine, 
being  greater  at  higher  speeds,  and  also  with  the  density  of  the 
steam  at  the  commencement  of  the  exhaust,  and  with  the  size  of 
the  exhaust  port  through  which  it  escapes  from  the  cylinder. 

In  non-condensing  locomotive  engines,  a  great  number  of  experi* 
mental  data  as  to  back  pressure  have  been  collected  and  anangtxi, 
and  to  a  certain  extent  reduced  to  a  system  of  laws,  in  Mr.  D.  K. 
Clark's  work  On  Railvxiy  Macliijiery,  That  author  finds,  that  the 
excess  of  the  back  pressure  above  the  atmospheric  pressure  varies 
nearly — 

As  the  square  of  the  speed; 

As  the  pressure  of  the  steam  at  the  instant  of  release;  that  is,  of 
the  commencement  of  the  exhaust ; 

Inversely  as  thtl*;^^uare  of  the  area  of  the  orifice  of  the  blast 
pipe,  through  which  the  steam  is  blown  into  the  chimney  to  pro- 
duce a  draught 

Mr.  Clark  also  finds,  that  the  excess  of  back  pressure  ia  less,  the 
greater  the  ratio  of  expansion;  that  it  is  less,  the  longer  the  tinvi 
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during  wliicli  the  eduction  of  the  steam  lasts;  and  that  it  is  in- 
creased by  the  presence  of  liquid  i^ater  amongst  the  steam,  being 
in  certain  cases  greater  in  unprotected  than  in  protected  cylinders 
in  tlie  ratio  of  1*72  to  1. 

As  an  example  of  specific  results  obtained  by  Mr.  Clark,  it  may 
be  stated,  that  "  with  a  mean  of  16  per  cent  of  release," — ^that  is, 
^witli  the  exhaust  port  opened  when  ^e  piston  had  performed  0*84 
of  its  forward  stroke — "  with  an  admission  of  half  stroke," — that 
is,  ^th  the  ratio  of  expansion  2,  nearly,  ''and  with  a  speed  of  piston 
of  600  feet  per  minute;"  the  excess  of  the  back  pressure  above 
the  atmospheric  pressure,  in  protected  cylinders,  was  about  0*1 63  of 
tlie  excess  of  the  pressure  of  the  steam  at  th^  instant  of  release 
aboTe  the  atmospheric  pressure. 

It  is  probable,  that  the  general  results  arrived  at  by  Mr.  Clark 
may  be  safely  applied  to  all  engines,  whether  condensing  or  non- 
oondensing,  to  the  following  extent : — 

TlifU  in  the  same  engine,  going  at  the  same  speed,  the  excess  of  the 
mean  hcbck  pressure  above  the  pressure  of  condensation,  va/ries  nearli/ 
as  the  densUy  of  the  steam  at  the  end  of  the  expansion; 

And  that  in  the  same  engine,  with  the  same  density  of  steam  aJt  the 
end  of  ike  forwarrd  stroke,  that  excess  of  JklcJc  pressure  varies  nearly 
as  the  squoflre  of  the  speed. 

281.  Xhennodfnamlc  Fnnctlon,  and  Adlabatlc  Cnrrv,  for  mixed 
iTatcr  and  Steam. — ^When,  as  in  the  present  investigation,  the 
volume  of  a  pound  of  water,  and  its  variations,  are  treated  as 
insensibly  small,  the  value  of  the  thermodynamic  function  consists 
simply  of  the  fii^  term  of  the  expression  in  Article  ^^i^,  equation 
1 ;  that  is  to  say, 

J  hyp  log  t; 

J  denoting,  as  usual.  Joule's  equivalent,  or  the  dynamical  value  of 
the  specific  heat  of  water.  Suppose  the  pound  of  water  to  be 
raised  from  a  fixed  temperature  to  any  given  absolute  temperature 
T,  and  then  to  be  either  wholly  or  partially  evaporated;  and  let  u 
be  the  volume  of  the  steam  produced,  which  for  total  evaporation 
is  equal  to  v,  the  volume  of  one  pound  of  saturated  steam  at  the 
given  boiling  point,  and  for  partial  evaporation,  may  have  any 
value  less  than  v.  Then  from  Article  ^^^,  equation  1,  it  is  evident, 
that  to  complete  the  thermodynamic  function  for  the  aggregate  of 
water  and  steam,  we  must  add  to  the  expression  already  found  for 
the  water  in  the  liquid  state,  the  following  quantity : — 

dp 

giving  for  the  complete  therTnadyna/micfhifnctionfor  one  lb,  oftoater 
wrid  steam — 
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^  =  J  hyp  log  T  +  tt  2^ (1.) 

[The  nme  expression  maj  be  made  applicable  to  any  other  finic 
by  putting  inBtead  of  J,  J  c,  the  dynamical  specidc  heat  of  the  finic 
in  question  in  the  liquid  state.] 

The  equation  of  an  adiabatic  curve  is 

p  =  constant 

This  enables  us  to  find  the  equation  of  the  form  of  the  curve  B  C 
in  the  diagram,  fig.  109,  Article  278,  when  that  curve  is  adiabatic: 
that  is,  when  the  steam  expands  without  receiving  or  giving  out 
heat.  Attending  to  the  notation  of  Article  279,  we  have,  in  the 
present  case,  for  the  point  B  in  the  curve, 

and  for  any  other  j)oint, 

J  hyp  log  T  +  tt  27  =  J  ^yP  log  n  +  ^'i  jf^  >.-..(2.) 

from  which  is  easily  deduced  the  following  expression  for  the 
volume  u  occupied  by  one  lb.  of  water  and  steam  at  any  pressure 
pi— 

^=^'('^^^^^«-T+^i^;> (3.) 

dr 

When  common  instead  of  hyperbolic  logarithms  are  used  in  the 
calculation,  for  J  =  772  is  to  be  substituted, 

J  hyp  log  10  ==  772  X  2-3026  =  1777-6. 

According  to  Article  255,  equation  3| 

'l^p{l  +  '-^^^Y,lc>,X,., (4.) 

by  means  of  which  formula,  with  the  aid  of  equation  1  of  Article 
206,  and  the  constants  given  in  page  237,  —  can  be  computed. 

Cv  T 

The  use  of  the  equation  3  for  computing  the  value  of  u  may  be 
much  facilitated,  by  employing  the  values  of  L,  the  latent  heat  per 
cubic  foot,  which  are  given  for  steam  in  Table  IV.  (and  for  lether 
in  Table  V.);  for  according  to  Article  255,  equation  2  (n^lectimr 
the  volume  of  the  liquid  water),  x    o     —- o 
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dp L 

K>  that  eqoation  3  of  thu  Article  becomes 

«  =  £  (j  hyp  log  5  +  ^) (5.) 

A  oonTenient  modification  of  equations  3  and  5  is  the  follow- 
Bg:-  ^ 

Let  the  weight  of  steam  under  consideration  be  Dj^  =  —^  so  that 

te  initial  volume  i^  is  one  cubic  foot.     Then,  instead  of  u  may  be 

put  r  ( =  ^),  the  ratio  in  which  ihe  ateamia  expamded;  so  that  we 

tiave  for  the  value  of  that  ratio, 


=  i  (jD,hyplogi  +^) (6.) 


282.  Aw^rmxtmuam  FMtaala  r«r  AdlaVftiie  Caire. — From  the  re- 
mits of  numerical  calculations  of  the  co-ordinates  of  adiabatic 
curves  for  steam,  it  has  been  deduced  by  trial,  that  for  such  pres- 
sures as  usually  occur  in  the  working  of  steam  engines,  the  relation 
between  those  co-ordinates  is  approximately  expressed  by  the 
following  statement : — the  pressure  varies  nearly  as  the  reciprocal  of 
the  tenth  poujer  of  the  ninth  root  of  the  space  occujpied;  that  is  to  say, 
in  symbols 

p  o:  u    7  nearly (1.) 

This  formula  belongs  to  the  class  already  explained  in  Article 
279,  Method  IL ;  the  value  of  the  exponents  and  co-efficients  being 

<  =  ^ji_l==lj^  =  9;Aj=10....(2.) 

The  preceding  equation  1,  and  those  deduced  from  it^  are  most 
expeditiously  employed  by  the  aid  of  a  table  of  logarithms.  In  the 
absence  of  a  table  of  logarithms,  the  ninth  root  of  any  ratio  can  be 
found  by  extracting  the  cube  root  of  the  cube  root,  either  by  the 
aid  of  a  table  of  cube  roots,  or  by  ordinary  axithmetia 

283.  IJ«MttictiMi  mt  StMUB  w^riting  Kzp«uiT«l7« — ^The  volume 

2o 
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of  one  poand  of  saturated  steam  (neglecting  the  voliune  of  the  liqnicj 
ymtGr),  according  to  Article  256^  equation  1,  is 

ST  being  the  latent  heat  of  evaporation  of  one  pound.  It  appean 
by  computation,  that  the  volimie  u  given  bj  equation  3  or  equatit  •!] 
5  of  Article  281  is  less  than  v  in  all  cases  which  occur  in  practice; 
from  which  it  follows,  that  when  steam  expands  in  driving  j 
piston,  and  receives  no  heat  from  without,  a  portion  is  liquefied, 

To  find  under  what  conditions,  and  to  what  extent  this  condt-m 
sation  by  expansive  working  will  take  place,  we  have  for  the  ][in  * 
portion  borne  by  the  condensed  steam  to  the  whole  mass  of  stean 
and  water,  the  following  expression : — 

^'  =  '-w(^VPW?  +  n^) (^) 

The  value  of  H'  is  given  approximately  in  foot-lbs.  per  pound  ci 
steam  by  the  formula 

H'  =  a  -  6  ^  =  1109550  -  5404  t (3.) 

For  any  other  fluid,  J  e  would  have  to  be  put  instead  of  J,  and  f  t 
a  and  6  their  proper  values,  supposing  them  to  have  been  asorp 
tained. 

It  may  be  shown  by  an  investigation,  which  it  is  unneoeasar^ 
here  to  give  in  detail,  tJiat  the  expression  (2)  is  always  positive  s^ 
long  as 

^1  is  less  than  j^  (=  1437^-2  for  steam  =  46r-2  +  976°). 

The  principle  just  stated,  as  to  the  liquefaction  of  vapours  b^ 
expansive  working,  was  arrived  at  contemporaneously  and  indepen- 
dently, by  Professor  Clausius  and  the  Au^or  of  this  work  in  li>4. , 
Its  accuracy  was  subsequently  called  in  question,  chiefly  on  thi 
ground  of  experiments  which  show  that  steam,  after  being  expandtil 
by  being  "  wire-drawn,"  that  is  to  say,  by  being  allowed  to  escapee 
through  a  narrow  orifice,  is  super-heated,  or  at  a  higher  tempera- 
ture than  that  of  liquefaction  at  the  reduced  pressure.  S^»>ii 
afterwards,  however,  Professor  William  Thomson  proved  that  tho?-^ 
experiments  are  not  relevant  against  the  conclusion  in  question,  Vv 
showing  the  difl'erence  between  the  /rm  expansion  of  an  elastic 
fluid,  in  which  aU  the  energy  due  to  ^e  expansion  is  expended  in 
agitating  the  particles  of  the  fluid,  and  Is  xeoonverted  into  heat, 
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and  the  expansion  of  the  same  fluid  under  a  pressure  equal  to  its 
own  elasticity,  when  the  energy  developed  is  sdl  communicated  to 
external  bodies,  such,  for  example,  as  the  piston  of  an  engine. 

284.    BflcicBcy  of  Steam  In  a  Non-condnctlng  Cylinder. — In  the 

present  Article,  the  cylinder  is  supposed  to  be  sufficiently  protected 
against  any  appreciable  loss  of  heat  by  conduction;  and  die  steam 
is  assumed  to  expand  without  receiving  or  emitting  heat,  so  that 
B  C  in  fig.  109,  Article  278,  is  an  adiabatic  curve. 

The  area  A  B  C  D,  contained  between  that  curve  and  the  straight 
lines  A  B  and  C  D,  corresponding  to  the  pressures  p-j^  and  p2  at  the 
beginning  and  end  of  the  expansion,  has  the  following  value,  when 
the  mass  of  steam  under  consideration  is  one  pound: — 

ABCD=/%rfy  =  /^«^^.l    (jhyplog5+.,-^) 

=  j('i-'.(i  +hypiog^^  }+  (-i-'j)  «i  Jf;...(i-) 

In  fluids  other  than  water,  J  c  is  to  be  put  instead  of  J. 
Inasmuch  as  the  latent  heat  of  evaporation  of  one  pound  of  steam 


at  «■;!  is 


ri*^i^  =  H'  =  a-6ri=  1109550-5404 r^  nearly, 
we  may  transform  the  expression  1  into 

J  { '1-'.  (l  +  typ logf^)  }  +  '^ H' (1  A.*) 

It  is  often  convenient  to  consider  the  action,  not  oionepowid  of 
steam,  but  so  much  steam  as  fills  om  cubic  foot  when  first  admitted 
into  the  cylinder  at  the  pressure  py     In  this  case,  we  have 

A  B  =  t^  =  1  cubic  foot; 

D  C  =  tig  =  r  ratio  of  expansion; 

and  the  area  A  B  0  D  is  found  by  multiplying  the  expression  (1) 

*  In  using  the  formnUB  t  and  1  A,  and  those  dedaoed  from  them,  the  following 
appraadmatioDS  are  convenient: — 

'1  -  ',  (i  +  b:^.  log  ^)  =^^77?¥  °*^- 
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by  1)1  =  —,  the  weight  of  one  cubic  foot  of  saturated  steam  ut  thi 
pressure  of  admission.     Observing  further,  that 

we  find,  per  cMefoot  of  steam  admiUedy 

ABOD  =  JD,{ c^-c,  (1 +hyp log ^^  }+!!=:«  .L,;...(2.) 

in  which  D^  and  L^  can  be  found  from  Table  lY. 

From  the  above  equation  2,  and  the  properties  of  the  adiabatic 
curve  already  explained  in  Article  281,  are  deduced  the  following 
formulae,  most  of  which  have  reference  to  the  action  of  one  culnc 
foot  0/ eteam  admitted;  pressures  being  expressed  m  lbs.  on  the 
eqyyafrefooi: — 

Data. 

j9p  absolute  pressure  of  admission; 
/>29  absolute  pressure  at  end  of  expansion; 
/^3,  mean  absolute  back  pressure; 

r^  (=  T4  +  ^Gl'^'S  Fahrenheit),  absolute  temperature  of  feed 
water; 

T5,  ordinary  temperature  of  condensation; 
Tq,  ordinary  temperature  of  atmosphere. 

Besults. 

TempenUures  corresponding  to  the  several  pressures  to  be  found 
by  eqimtion  2,  Article  206,  or  by  Table  IV. 
JRaiio  qfes^Mnsion — 

g=.=  ^(772D,hyplogn  +  ^); (3.) 

Energy  per  eubie/oot  of  steam  admitted — 


or  energy  per  cubic  foot  swept  through  b 
P.=P.-P,  =  ^ (5.) 


Mean  ^ective  pressure,  or  energy  per  cubic  foot  swept  through  by 
puton-"^ 


I7HJACKETED  STBAH  SVOIN&  S89 

For  lbs.  on  the  square  incli,  divide  this  by  144. 
Heat  expended  per  cubic  foot  ofetMim  admUtei-^ 

H,  Di  =  J  D,  (.,  -  rj  + 1^; (6.) 

Heait  expended  per  cvbic  foot  swept  throitgh  by  pieton,  or  presewre 
e^walent  to  heat  expended  - 


HxDi, 


r 


.(7.) 


Efficieney  of  eteomy  ==-; (8.) 

Net  feed  water  per  cubic  foot  of  steam  admitted — 

i>i; (9) 

Ndfeed  water  per  cubic  foot  swept  through  by  piston — 

^■. <•»■) 

Heat  rejected  per  cubic  foot  of  steam  admitted — 

H,D,  =  (H,-U)D,j (11.) 

Heat  rejected  per  cubic  foot  swept  through  by  piston — 

HiPi^(Hi-^)Di.  /12^ 

r  r  ' ^    '' 

Lbs.  of  water  to  be  injected  into  tJie  condenser  (if  any)  to  abstract 
ihatheat— 

rJ(T,-Te)^ •-^'^•^ 

Cubic  feet  to  be  swept  throagh  by  the  piston  per  minute,  for  each 
indicated  horse-power — 

33000       33000  r  ,,,, 

^::^=  UBT^ <'^> 

Available  heat  eotpendedper  indicated  horee-poujer  per  liour — 

1980000  5i (15.) 

The  following  is  a  nnmerical  example : — 
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Data. 


Pressims. 

Initial,  Pj« 

Final,  |>2i 

Back  pressure,  p^ 

Temperatons. 

Of  feed  water  (4.) 

Of  condensation  (5.) 

Of  atmosphere  (6.) 


Lbs.  per  aqoare  inoli.    Lbt.  per  aqnira  fiMiC 


3371 
io-i6 

Ordmiij,  T. 

95° 
104 

59 

Sesultb. 


4854 
1463 

720 

Al»olnte»  r 
556a 

565-2 
5202 


L. 

59720 
20280 


D. 
0-08285 
0*02685 


Quantities  fonnd  by  Table  lY.       T.  r. 

Corresponding  to  j?^^.       257         718*2 

yy  «       P2-  194  655*2 

Ratio  ofeoBpcmsicn — 

Energy  per  cubic  foot  of  steam  admitted — 

U  Di  =  772  X  008285  {  718-2  —  655-2  (l  +  hyp  log  '^^  } 

+  y^X  59720  +  2-875x743 

=  182  +  5239  +  2136  =  7557  fooUba 
Mean  effedixe  preeeure — 

^5^  =  ^||?  =  2629  lbs.  on  the  square  foot 
=  18*25  lb&  on  the  square  incL 
Heat  expendedper  cubic  foot  of  steam  admitted — 

Hi  Di  =  772  X  0-08285  (718*2  —  556*2)  +  59720 
« 10362  +  59720  =  70082  foot-lbs. 

Heat  expended  per  cubic  foot  swept  through  hy  piston,  or  pressure 
e^ivalent  to  Iieat  expended — 

H,  D,     70082 

— ^=  2^75 '■  ^^^''^  ^^^  ^^  *^®  ^^^**^  ^<^ 

s  169*3  Iba  on  the  square  inch. 
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Efficiency  of  Oeam — 

TJ  _  7557      2629       18-25^,^^^ 
H"i  "•  70082  ^  24376  "  169^  "  "'^"^^^ 

Nei  feed  uxUer  per  cubic  foot  stoept  through  by  piston-^ 

5i=5;^?|^=0-0288  lb.  =  0-00046  cubic  foot  nearly. 

HeaJt  reeded  per  cubic  foot  ofeteam  cukniited — 

H,  Dj^  =  70082  —  7557  =  62525  foot-lba 
Heat  rejected  per  cubic  foot  eujept  through  by  piston — 
^2625 


2-875 


=  24376  —  2629  =  21747. 


Injection  toater  required  to  condense  the  steam,  per  cubic  foot  swept 
through  by  piston — 

21747  1 

772x(104-C9)°^'^^^  ^-  =  Too  '^^^'^  *~*  ''^^- 

Cvbie  feet  to  be  sw^  throttgh  by  the  piiton  per  miaute,  far  eao& 
tTuHcated  horsepower — 

33000 

2629"  =  ^2^^ 
(or  12*55  X  60  B  753  cubic  feet  per  hour). 
Available  heat  expendedper  indicated  horee-power per  hour — 

efficiency  =01077         '       ' 

To  sbov  how  this  expenditure  of  available  heat  is  connected 
with  the  consumption  of  coal,  let  the  coal  be  of  such  a  quality, 
that  the  total  heat  of  coTubustion  of  one  lb.  of  it  is 

10,000,000  foot-lbs. 

(corresponding  to  a  theoretical  evaporative  power  of  about  13-4). 

Let  the  efficiency  of  the  furnace  be  0*54;  so  that  the  available 
heat  of  combustion  of  one  lb.  of  coal  is 

5,400,000  foot-lbs. 

Then  the  consimiption  of  coal  in  the  engine  now  under  consideia- 
tion,  per  indicated  horse-power  per  hour,  is 
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5400000 
The  following  axe  some  deductionB  from  the  previous  calcaU- 

tions : — 

Nee  feed  inaterpa^induxUed  horse-power  p9rh^^ 

0-0288  X  753  =  21  -7  lbs.  =  0-347  cubic  foot, 

InjectUmwUerperindiixU^  — 

0-626  X  753  ^  471-4  Iba  =  7-54  cubic  feet* 

285.   AppMxImate  Vmrm^tm   Hw  NoB-c^aJaciliig  CyUadicn.— The 

formulsa  in  the  preceding  Article  which  give  the  mean  effective 
pressure,  and  the  work  of  a  given  quantity  of  steam,  axe  inccm- 
venient  in  practice  from  the  length  of  the  calculations  which  their 
use  involves,  and  from  the  circumstance,  that  although  they  serve 
to  compute  directly  the  ratio  of  expansion  when  the  initud  and 
final  pressures  are  given,  they  cannot  be  so  employed  when  the  | 
initial  pressure  and  ratio  of  expansion,  but  not  the  final  pressure, 
are  given,  except  by  the  aid  of  a  tedious  process  of  trial  and  error. 
For  practical  use  in  ordinary  cases,  therefore,  it  is  desirable  to 
have  a  set  of  formula  in  which  the  computations  are  less  tedious, 
and  which  can  be  used  directly  when  the  ratio  of  expansion  is  one 
of  the  data.  When  the  initial  pressure  is  not  less  than  one  atmo- 
sphere, nor  more  than  twelve  atmospheres,  such  a  set  of  formuUe, 
sufficiently  accurate  in  all  ordinary  cases,  are  deduced  from  the 
£Bict,  already  stated  in  Article  282,  that  during  the  expansive 
working  of  steam  represented  by  an  adiabatic  line, 

_  I?  nearly. 
The  following  are  the  formula  thus  obtained: — 

Data. 

Pi,  absolute  pressure  of  admission; 

r,  ratio  of  expansion; 

p^  mean  absolute  back  pressure; 

r^  absolute  temperature  of  feed  water-* 

(  =  T,  +  46r-2); 

T5,  temperature  of  condensation; 
Tg,  temperature  of  atmosphere. 

*  The  ftmdamental  fonnnin  of  Aitide  2S4  w«re  iint  pablished  in  a  ptpar  Mnt  10 
the  Boyal  Society  m  December,  1S68,  and  pnhlisbed  in  the  PkUo§ophical  TVtmMS 
Horn  tar  1854.  The  same  formul«  were  also  diecovered  independently  hy  Profaeor 
Glansius  aboot  1855,  and  pablished  by  him  in  Poggendoiff's  AnmUm  tx  1866. 
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Final preimi/ire^  P2=Pi  * «"" * ; (!•) 

3£ean  toted  pre88u/r6 — 

i*.  =  Pi  (lO r-  -  9  r-T)> (2.) 

Jfeom  effective  preeaure — 

p.  =  Pn.—Ps^Pi(l0r-^^9r-'T)—Pt (3.) 

The  three  preceding  fonnul»  are  applicable  to  pressures  expressed 
in  any  kind  of  units. 

Energy  per  cvhiefoot  of  steam  ctdmitted — 

rp,^r{p^-^p^=p,{l0  —  9r-\)—rp^; (4.) 

in  which  the  pressures  are  in  lbs.  on  the  square  foot. 

To  facilitate  the  use  of  these  formulae,  the  values  of  the  ratios 

«  10 

i2r  =  10r-'— 9r-7; 
Pi 

and  !:.^=10  — Qr"^; 

Pi 

and  their  reciprocals,  are  given  in  Table  YII.  at  the  end  of  the 

volume,  for  values  of  the  "  admission**  or  "  cut  off"  -,  increasing  at 

r 

first  by  differences  of  0-025,  and  afterwards  by  differences  of  0*05. 

Intermediate  values  of  the  above  ratios  can  easily  be  computed, 

when  required,  from  those  given  in  the  table,  by  interpolation. 

Where  the  approximate  formulas  of  the  present  Article  are  used 
for  calculating  the  energy  exerted,  and  the  mean  effective  pressure^ 
the  expenditure  of  heat,  the  feed  water,  injection  water,  <&c.,  may 
easily  be  computed  by  the  formuLe  already  given  in  the  preceding 
Article.  But  in  cases  where  special  accuracy  is  not  re(^uired,  the 
expenditure  of  heat  may  be  computed  approximately  with  less 
trouble  by  the  following  approximate  formulae : — 

Heat  expended  in  foot-lbs,  per  cubic  foot  of  steaan  admitted — 

Hi  Di  =  13i^j  + 4000  nearly, (5.) 

Pi  being  in  lbs.  on  the  eqtuirefoot ; 

ffeat  expendedper  cubic  foot  swept  through  by  piston,  or  pressure 
equivalent  to  heat  experCded — 

H,  D,     13J  pi  +  4000  lbs.  per  square  foot  , . . 

—;r  ^ r ' ^'' 
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Equivalent  pressnre  in )      l^Pi  +  27*7  lb&  per  square  inch  -^    . 
Ibe,  per  square  inch  /  *  r  '\      ) 

In  the  following  numerical  example,  the  preceding  approximate 
formuliB  are  applied  to  the  case  already  calculated  in  the  preoedisg 
Article,  the  ratio  of  expansion  being  supposed  to  be  giyen* 

Data. 
Initial  pressure,    Pi  =  33*71  lb&  per  square  inch ; 
Batio  of  expansion,        r = 2*87^,  so  that 

Admission,  -  =  0*348: 

Mean  back  pressure— 

!>,=: 6  lbs.  per  square  inch. 

Resui^s. 
Computation  of  the  ratio  — ,  fix)m  Table  VIL — 


1 

r 

1 

r 

Pm 

Pi 

Pi 

•3 

•639 

•05 

<068=A-lxl-16neMly 

•35  -697 

Therefore,  for  i  =  -348  =  -35  —  -002, 

^  =  -697  —  -002  X  1  *16  =  -695  nearly; 

Pi 
Mean  total  presav/re — 

p^^  33*71  X  '695 »  23*43  lbs.  on  the  square  inch. 
Mean  ^ective  preaatM^ — 
2^4  -  Pm  — I's  «  23*43  —  6-00  »  18*43  lb&  on  the  square  inch; 

The  same  as  computed  by  )   ,«  ^k 
the  exact  formula /  ^^'"^^         "•  ** 

Difference.......  +018 

or  about  t4t. 
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Prmmn  eqidvdlefnt  to  heat  expended — 

13^x83-71 +  27-7     ,^^,.  ^,  .    , 

— 2 — ___ 155  iba,  on  the  square  inch; 

The  same  as  computed  )     i  /*q  a 

bjr the  exact  formula,/    ^^^'^        »  •• 

Difference, —  3*3        „  i^ 

or  ahout  •^. 

1  Q.JO 

Effidmoy  of  the  tieam,  ■  =  O'lllO 

The  same  an  computed  by  )      o.io77 
the  exact  formuLe, / 

Difference, +00033 

or  about  iv* 

The  errors  arising  from  the  use  of  the  approximate  formul»,  of 
which  examples  have  just  been  given,  are  in  most  caaes  practically 
unimportant* 

286.  Vm  •£  the  mmm  JTackci,  and  H«t  Air  Jackflt.t — The  con- 
clusion theoretically  demonstrated  in  Article  283,  that  when  steam 
or  other  saturated  vapour  in  expanding  performs  work  by  driving 
a  piston,  and  receives  no  heat  from  without  during  that  expansion, 
a  portion  of  it  must  be  liquefied,  is  confirmed  by  experience  in 
actual  steam  engines;  for  it  has  been  ascertained,  that  the  greater 
part  of  the  liquid  water  which  collects  in  unjacketed  cylinders,  and 
which  was  once  supposed  to  be  wholly  carried  over  in  the  liquid 
state  from  the  boiler  (a  phenomenon  called  "  priming"^  is  produced 
by  liquefiuHion  of  part  of  the  steam  during  its  expansion;  and  also 
that  the  principal  effect  of  the  '*  jacket"  or  annular  casing  envelop- 
ing the  cylinder,  filled  with  hot  steam  from  the  boiler,  which  was 
one  of  the  inventions  of  Watt,  is  to  prevent  that  liquefieiction  of  the 
steam  in  the  cylinder. 

That  lique&ction  does  not,  when  it  first  takes  place,  directly 
constitute  a  waste  of  heat  or  of  energy;  for  it  is  accompanied  by  a 
corresponding  performance  of  work.  It  does,  however,  afteiwards, 
by  an  indirect  process,  diminish  the  efficiency  of  the  engine;  for 
the  water  which  becomes  liquid  in  the  cylinder,  probably  in  the 
form  of  mist  and  spray,  acts  as  a  distributer  of  heat,  and  equalizer 

*  These  epproximate  formuls  were  first  pnblished  In  A  Manual  qf  AppUsd 
Meckama,  185S,  Article  656. 

t  Articles  286,  287,  288,  end  289,  are  to  a  great  extent  extracted  and  abridged 
from  a  paper  read  to  the  Boyal  Society  in  January,  1869. 


of  temperaiore,  abstnctiiig  heat  fiom  tiie  boi  and  deon 
dnring  itB  admiHiaii  into  the  (^liiidery  and  conunrniirating  ihMM\ 
heat  to  the  cool  and  laiefied  steam  idiidi  is  on  the  point  of  betzi^ 
diachaiged,  and  thus  loweiing  the  initial  |McaBme  mod  inrrraniTig 
the  final  presBiue  of  the  steam,  but  lowering  the  initial  pnamre 
much  more  than  the  final  presBiire  is  increased;  and  so  piodaciiig; 
a  loss  of  energy  which  cannot  be  estimated  theoretical^;  Aoeocd- 
ingly,  in  all  cases  in  which  steam  is  expanded  to  more  than  three 
or  ioor  times  its  initial  Toimne,  it  has  in  pcactioe  been  fbond 
advantageous  to  envelop  the  cylinder  in  a  steam  jacket  The 
liqtiefiu^ion  which  would  otherwise  have  taken  plaoe  in  tbe 
(nrlinder,  takes  place  in  the  jacket  instead,  where  the  presence  of 
the  liquid  water  produces  no  bad  effect;  and  that  water  is  returned 
to  the  boiler. 

In  double  cylinder  engines,  where  the  expansion  of  the  steam 
begins  in  a  smaller  cylinder,  and  finishes  in  a  larger,  the  usual 
practice  is  to  have  steam  jackets  round  both  cylinders;  but  in  a 
few  examples  in  which  the  smaller  cylinder  alone  is  jacketed,  the 
liquefiEtction  is  found  to  be  prevented,  showing  that  the  steam 
during  its  passage  from  the  small  into  the  laige  cylinder,  receives 
sufficient  heat  either  directly  from  the  small  cylinder,  or  indirectly 
by  conduction  from  the  small  to  the  large  cylinder  (which  is  in  close 
contact  with  the  small  cylinder),  to  prevent  any  appreciable  portion 
of  it  from  condensing. 

It  is  desirable  that  a  small  quantity  of  the  steam,  not  appreciable 
in  calculating  the  efficiency  of  the  engine,  should  be  liquefied,  in 
order  to  lubricate  the  pacHng  of  the  piston.  This  generally  does 
take  place  in  jacketed  engines,  and  is  probably  the  effect  of  attrac- 
tion between  the  particles  of  water  and  the  metaL 

The  effect  of  a  steam  jacket  in  preventing  condensation  may  be 
produced  hj  &hot  air  jacket;  that  is,  by  a  flue  round  the  cylinder; 
or  by  enclosing  the  cylinder  in  the  smoke  box,  as  is  done  in  many 
locomotive  engines.  The  advantages  of  this  are  well  shown  in 
Mr.  B.  K.  Clark*s  work  on  Railway  MachvMry,  With  this 
apparatus,  however,  there  is  not  the  same  security  against  over 
dryness  of  the  packing  that  there  is  with  the  steam  jacket 

287.  B«eiene7  •€  Drr  8«t«tmic«  simub, — In  the  following  inves- 
tigation, it  is  assumed  that  the  steam  in  the  cylinder,  while 
expanding,  receives  just  enough  of  heat  from  the  steam  in  the 
jacket  to  prevent  any  appreciable  part  of  it  from  oondenmng,  with- 
out superheating  it  Giliis  assumption  is  founded  on  the  &ct^  thst 
dry  steam  is  a  bad  conductor  of  heat  as  compared  with  liquid  water, 
or  with  cloudy  steam,  and  that  aflber  cloudy  steam  has  received 
enough  of  heat  to  make  it  diy,  or  nearly  dry,  it  will  receive  addi- 
tional heat  very  slowly. 
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Tlie  assamption  is  justified  by  the  &ct,  that  its  results  are  con- 
firmed hy  experiment. 

The  symbol  v  is  used  to  denote  the  volume  of  one  pound  of  steam 
m  cubic  feei,  and  the  symbol  p  to  denote  pressure  in  pounds  an  the 
^%tare/oot,  so  that  pressure  in  pounds  on  the  square  inch  is  denoted 

In  fig.  110^  let  B  C  K  be  the  curve  whose  co-ordinates  represent 
fclie  volumes  and  pressures  of  dry  saturated  steam. 


Fig.  110. 

Let  O  A  =  ^1,  and  A  B  =  Vj,  represent  the  pressure  and  volume 
of  admission,  and  Tj  the  corresponding  absolute  temperature; 

Let  O  D  =  7?2,  and  D  C  =  v^,  represent  the  pressure  and  volume 
at  the  end  of  the  expansion,  and  t2  the  corresponding  absolute 
temperature;  then 

—  =  r  is  the  ratio  of  eacpansion,  and 

«      1 

—  =  -  the  ctdmisaion,  or  effective  cut-qffl 

«j    r 

Let  O  F  =  ^3  be  the  pressure  of  exhaustion; 
Let  r^  be  l3ie  absolute  temperature  of  the  feed  water. 
The  energy  exerted  by  one  pound  of  steam  is  represented  by  the 
area  of  the  diagram,  consisting  of 

the  area  A  B  0  D  =  /     v  dp,  and 
J  Pi 

the  area  E  F  D  C  =  Vg  (pg — p^; 

while  the  expenditure  of  heat  per  poutid  of  steam  consists  of  tte 
following  parts : — 

The  sensible  heat  J  (t^  —  tJ;  the  latent  heat  of  evaporation 
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at  r^;  and  the  latent  heat  of  expansion,  which  is  oommTmicated 
from  the  steam  in  the  jaoket  to  that  in  the  cylinder. 

The  work  of  one.  pound  of  diy  saturated  steam  exceeds  that  of 
one  pound  of  steam  which  expands  from  the  same  initial  pressure 
to  the  same  final  pressure  without  receiving  heat,  to  an  amount 
represented  by  the  excess  of  the  area  A  B  C  E  F  A  above  the  cor- 
responding area  for  an  unjacketed  cylinder,  while  the  expenditure 
of  heat  is  greater  by  the  quantity  which  the  steam  in  the  cylinder 
receives  during  the  expansion  represented  by  the  curve  B  C. 

The  latent  heat  of  evaporation  of  one  pound  of  steam  at  the 
absolute  temperature  t,  may  be  expressed  with  accuracy  sufficient 
for  the  purposes  of  the  present  investigation,  by  the  formula 

H'  =  a  — 6r; (1.) 

a=  1109550  foot-lbs.  j 

b  =  540*4  foot-lbs.  per  degree  of  Fahrenheit^ 

To  find  the  area  A  B  C  D  A,  which  represents  part  of  the  energy 
corresponding  to  any  value  of  p,  the  value  of  i;  is  to  be  expressed 
in.  terms  of  H',  the  corresponding  latent  heat  of  evaporation, 
according  to  the  principle  of  Article  256,  giving 

*-    dp ' 
■'■£ 

which,  being  multiplied  by  -~  d  r,  and  integrated  between  ^  and 

^9,  the  initial  and  final  temperatures  of  the  expanding  steam,  wo 
obtain  for  the  area  A  B  C  D  A — 

=  a-hyp.  log.!^-6(Ti  -r,); (2.) 

to  which,  adding  the  rectangle  I)  C  £  F,  the  energy  exerted  on  the 
piston  by  one  pound  of  steam  is  found  to  be 


^=Ip^^P'^^i^2-Pz) 


^  Pa 


=  a'hyp.log.-  -6(ri-Ts)  +r2(p2-P8)> i^-) 

in  which 

a  =  1109650  foot-lb&;  b  »  5404  foot-lbs.  per  degree  of  Fah. 
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The  XEAir  xffbctfive  pressuse,  or  work  per  unit  of  yolmne.  tia- 
yersed  by  the  piston,  is 

? (*.) 

The  lieat  expended  per  pound  of  steam,  by  a  different  mode  of 
diYision  from  that  previously  given,  is  computed  as  follows : — 

Part  of  the  sensible  heat  for  raising  one  pound  of  water  from  the 
temperature  of  the  feed  to  the  final  temperature  of  the  expansion,—^ 

J(Ta  -n); 

latent  heat  of  evaporation  at  the  temperature  r^ — 

heat  transformed  into  mechanical  energy  between  the  temperatures 
Tj  and  Tjb — 

ABODA=/     vdpy9Am  equation  2. 

The  addition  of  these  quantities  gives  for  the  whole  expenditure  of 
heat  in  foot-pounds  of  energy  per  pound  of  steam, — 

/pi 
vdp 
Pi 

=  J(Ta-T4)  +  aA+hyplog^M-6ri (5.) 

(J  =  772  foot-pounds  per  degree  of  Fahrenheit). 

The  heat  expended  per  unit  of  space  tiaversed  by  the  piston  is 
equivalent  to  a  pressure  whose  intensity  is 

IJ^^a («•) 

The  xmciENOT  of  the  steam  is  the  ratio, 

X^'+&, (7.) 

of  the  energy  exerted  by  the  steam  on  the  piston  to  the  heat  ex- 
pended on  the  steam;  and  that  ratio  having  been  determined,  the 
available  heat  of  a  pound  of  fuel  may  be  computed  from  the  indi- 
cated work  per  pound  of  fuel,  or  vice  versa,  by  means  of  the  equa- 
tion,— 

available  heat  __  J  .^. 

indicated  work ""U' 
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In  the  practical  use  of  equations  3,  i,  5,  8,  T,  and  S,  tbe  usual 
data  are, — 

the  iniUal  pressure  p^ 

the  ratio  o/ea^paneian  r, 

the  back  preaeure  p^ 

and  the  abeoLtOe  temperature  o/the/eed-vxtter  t^ssT^-h  461^-2. 

From  p^y  by  the  aid  of  known  formuln  or  of  Table  VL,  are  to 
be  found  r^  and  t^.     Then 

and  from  V2^  by  the  aid  of  the  same  formulie  or  of  Table  YL,  ase 
to  be  found  r^  and  p^^  and  thus  are  completed  the  data  for  the  use 
of  equations  3  and  5, 

Let  O  L  =  j90  represent  the  pressure,  and  L  K  =  v^  the  yolume, 
of  a  pound  of  steam  at  some  standard  temperature,  such  as  that  of 
melting  ice  (r^  =  32^  +  461''-2  =  493°-2  Fahrenheit),  and  let 

17  dpssa  '  hyp  log b  (••— «y)) (9.) 

Po  ^0 

be  the  area  contained  between  L  K  and  another  parallel  ordinate 
of  the  curve  B  OK  corresponding  to  the  absolute  temperature  r. 

Then  by  the  aid  of  values  of  the  function  U,  as  given  or  inter 
polated  in  Table  YL,  the  equations  3  and  5  can  be  put  in  the 
following  form : — 

U'  =  U,  -  tJj  +  «,  (p^-p^i (10.) 

|,  =  Ui— IT,  +  J(t,  — T^+a— 6tj (11.) 

=  Ui-U,  +  H,-A,; (la) 

in  which  last  expression  for  the  heat  expended,  H^  denotes  the 
total  heat  of  evaporation^  from  tq,  cU  r.,  and  h^  ihe  neat  saved  in 
consequence  of  the  temperature  of  the  feed-water  being  T^  instead 
of  that  of  melting  ice, — both  quantities  as  given  or  interpolated  in 
the  columns  respectively  headed  H  and  h  in  Table  YL 

The  following  statement  then  gives  at  one  view  the  foimalft 
applicable  to  engines  worked  by  sensibly  dry  saturated  i 

Data. 
Pv  ^9  P»  ^49  .^  already  ea^lained. 
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Eesults. 

Vj,  volume  of  one  IK  of  steam  when  admiited,  to  be  found  or  in- 
terpolated in  the  column  headed  V,  Table  VL 
Volume  at  end  o/ expansion, — 

v^  —  rv^; (13.) 

Final  pressure,  p^  and  temperature  T«,  to  be  found  or  interpo- 
lated in  the  columns  headed  P  and  T,  Table  YI. 

XT',  energy  exerted  hy,  and  %  heai  expended  on,  one  lb,  ofdeamh,  to 
be  found  by  equations  10  and  12,  with  Table  VI.,  or  by  equations 
3  and  5,  without  the  Table. 

Mean  effective  presswre, — 

P.  =  P^  —  Pz^— (14) 


rv 


Pressu/re  equivcdent  to  eocpendiiAJi/re  of  a/vailahle  heat, — 

p^=^; (i«) 


♦•"i 


Ejffiaeney  of  tteam, — 

i!f,&Lz:a  =  5'; (16.) 

Net  feed  toater  per  cubic  foot  su>ept  through  by  piston, — 

ri7^"~  r  * 

Heat  rejected  per  lb.  of  steam, — 

|,-U'  =  H,-A,-rj(p2-p«)] (18.) 

Eeat  rejected  per  cubic  foot  swept  Hirough  by  piston, — 

^"^'-i^A-^^o (19.) 


rv 


'1 


Injection  vxUer  required  per  lb.  ofstea; 

(Tg,  temperature  of  condensation, 
T^,  temperature  of  atmosphere). 


772(T,  — V • ^^'' 

2d 
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ItyeeUon  toaier  required  per  cubic  foot  gwepC  through  bypittcn — 

772  (T5-  T^' ^-'  ^ 

(hdnc  Jeet  noq>t  through  by  piston  per  minute  for  each  indicated 
horee-power — 

33000. 

P.    ' ^"-^ 

AvaUaJble  heat  expended  per  hour  in/oot-lbs,  per  indicated  Aor^f^ 


1,980,000  _  1,980,000  p, 

Efficiency  p^  ^"^  *' 

In  applying  these  formnbe  to  an  engine  actnally  working,  whoK 
speed  hats  been  ascertained,  let 

A  be  the  area  of  the  piston ; 

8  the  distance  through  which  it  moves  at  each  forward  stroke  if 
single  acting,  or  during  a  double  stroke  if  double  acting; 

N  the  number  of  revolutions  per  minute; 

R  the  total  resistance  reduced  to  the  piston;  then,  as  in  Article 
263,  formula  5,  and  Article  264,  formula  3,  the  energy  exerted  per 
minute  is 

N«R  =  N«A;>,; (24.) 

and  the  indicated  luyree-power — 

33000  ' ^     ' 

also,  the  available  heat  expended  per  minute  is 

NtfAjp^ ^ (2^,) 

2^.  AppraElBuue  VmnuOm  for  Itay  WmMmrmtmA  Sicaau— As  the 
formulse  of  the  preceding  Article  require  in  their  use  a  considerable 
amount  of  calculation,  it  is  desirable  to  have,  for  the  puipose  of 
solving  ordinary  practical  problems,  approximate  formulffi  of  a  more 
simple  kind.  Those  which  will  now  be  explained  have  been 
arrived  at  by  a  process  of  trial,  and  their  agreement  with  the  exact 
formula,  and  with  experiment,  has  been  tested  for  initial  pressures 
ranging  from  30  to  120  pounds  on  the  square  inch,  and  for  ratios 
of  expansion  varying  from  4  to  1 6.  They  may  therefore  be  applied 
with  confidence  to  engines  working  within  these  limits,  and  pro- 
bably somewhat  above  them;  but  for  pressures  much  exceeding 
120  lbs.  on  the  inch,  and  ratios  of  expansion  much  exceeding  16, 
it  is  advisable  for  the  present  to  use  the  exact  formulsa. 
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The  foundation  of  the  approximate  formnlsB  is  the  &LCt,  that  for 
pressures  not  exceeding  120  lbs.  on  the  inch,  or  17,280  lbs.  on  the 
square  foot^  tha  equation  of  the  curve  £  C  K,  fig.  110,  is  very 
nearly 

p<xv  -^  76 (1.) 

This  equation  is  very  convenient  in  calculation,  because  the 
sixteenth  root  can  be  extracted  with  great  rapidity  to  a  degree 
of  accuracy  sufficient  for  practical  purposes,  by  the  aid  of  a  table 
of  squares  alone;  and,  by  a  little  additional  labour,  without  any 
tables  whatsoever. 

Let  r,  as  before,  be  the  ratio  of  expansion;  then  we  have 
evidently, 

17 

ihe  Jinal pressure —  ft  =  ^i  '^  "  i6j (2.) 

t^eenergyexertedonthepUtonhyompimndof  steam  =2iTe&AB0EFA 

=  t'2{^i(l7r-^-16r-il)-;,3}; (3.) 

XJ' 
the  mean  Mai  pressure,  —  +  p^; (4.) 


V, 


'2 


=  ^«=i>i(l7r-^  — 16r-rD; (5.) 

the  mean  ejffective  pressuire,  or  energy  exerted  per  cubic  foot — 

p4^Pm—Ps-'—=^Pi  (l7r-»—  IGr-Ii)  —p^ (6.) 

It  is  errident,  that  if  the  pressure  of  exhaustion  p^  be  given,  and 
any  two  out  of  the  three  following  quantities — the  mitial  pressure 
Pj,  the  mean  effective  pressure  p^  —  p^,  the  ratio  of  expansion  r — 
the  fourth  quantity  can  be  calculated  directly,  if  it  is  one  or  other 
of  the  pressures  p^,  p^  —  p^;  and  if  it  is  the  expansion  r,  it  can  be 
found  by  approximation. 

The  approximate  formula  for  the  expenditure  of  heat  per  lb.  of 
steam,  which  has  been  found  by  trial  to  agree  very  closely  with  the 
exact  formula  within  the  limits  already  specified,  and  when  the 
feed  water  is  supplied  at  a  temperature  of  from  100"  to  120' 
Fahrenheit,  is  as  follows : — 


i^l5ip^r,J-^'; (7.) 


404  STEAM  Ain>  OTHER  HEAT  EKGIinES. 

80  that  the  heat  eocpmded  per  cubic  fooiy  or  the  pressure  per  equate 
foot  of  piston  to  which  the  expenditure  of  heat  is  equivalenl,  is 

'--l-'^ w 


This  giveg  for  the  efficiency 


1 


p.     Pm—Pa     ^'     17  — 16r-ii        rp,  „. 

pr  "ft     i> "  15J"       i«ift 

by  means  of  which,  when  the  work  of  a  pound  of  coal  is  known,  itg 
available  heat  can  be  computed,  and  vice  versa,  as  with  the  exact 
formula. 

To  facilitate  the  use  of  these  approximate  formula.  Table  VIIL, 
at  the  end  of  the  volume,  gives  the  ratios 

^  =  17r->  — 16r"I5,and 
Pi 

^^=17  — 16r"n, 
Pi 

and  their  reciprocals,  for  a  series  of  values  of  1  -s-r;  and  the  right- 
hand  division  of  the  diagram  opposite  page  568  shows  the  values 
of  Pm  -^Pi  fo^  various  values  of  1  -^  r  by  inspection.  For  a  geo- 
metrical approximation  to  that  ratio,  see  the  Appendix,  page 
552. 

288  A.  EzaaiplM  ef  the  Acttoa  •f  Drf  Satarated  Steam. — ^The  fol- 
lowing examples,  being  taken  from  the  performance  of  actual 
engines,  are  intended  at  once  to  illustrate  the  use  of  the  formuls 
in  Articles  287  and  288,  and  to  compare  their  results  with  those  of 
experiment. 

In  comparing  the  results  of  formuLs  for  the  expansive  working 
of  steam  with  those  of  the  indicator  diagrams  of  engines,  it  is  not 
to  be  expected  that  the  indicated  pressures  corresponding  to  parti- 
cular volumes,  during  or  at  the  end  of  the  expansion,  mil  closely 
agree  with  those  given  by  calculation;  because  considerable  devia- 
tions, alternately  upwards  and  downwards,  arise  from  the  friction 
of  the  indicator,  the  elastic  vibrations  of  the  indicator  spring,  and 
tl^e  pulsations  of  the  particles  of  the  steam  itsel£  In  the  course 
of ^  complete  stroke,  however,  those  deviations  neutralize  each 
other>  so  that  the  indicated  mean  ^ecUve  pressure  ought  to  agree 
with  that  given  by  theory,  if  the  theory  is  sound.  About  half  a 
pound  on  the  square  inch,  or  72  lbs.  on  the  square  foot,  may  be 
coxiBideted  as  an  ordinary  limit  of  error  in  indicator  diagrams 
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Two  examples  of  the  application  of  the  foimulse  to  actual  engines, 
and  of  the  comparison  of  their  results  with  those  of  experiment, 
are  annexed. 

Example  I. — Double-cylinder  engines  of  744  indicated  horse- 
power, calculated  by  exact  formulae : — * 

Data — 

Bottom  of  Top  of 

cjlinden.  cylinden. 

Pressure  of  admission,  p^  -^  144, 337  34-3 

Back  pressure,  ^3 -T- 144, 4*0  4-0 

Ratio  of  expansion,  r, 4^  6^ 

Ordinary  temperature  of  feed  water  T^  =  about  104''  Fahren- 
heit. 

Calculated  Results — 

Bottonu  Top. 

Final  volume  of  1  lb.  of  steam,  ^2  =  r  Vj,     50*375  74-4 

Final  pressure,  jOj*^  144, 7'3^7  4*867 

Work  of  1  lb.  of  steam,  XT', 109552  "7338 

Mean  effective  1 


IU4:V^~    144  '• 


sure  in  pounds  on  ^YaI^-^TIa''"     ^^'^  ^^'95 

the  inch, 

Mean  of  both  results, 13*03 

Mean  effective  pressure  as  observed,  \ 

being  the  mean  result  of  a  series  >  i3'io 

of  dutgrams, j 

Difference, —0*07 

being  within  the  limits  of  errors  of  observation. 

Bottom.  Top. 

Foot-lbs.  Foot-lbs. 

Available  heat  expended  per  pound)        ^^o^  ^  -^co 

of  steam,!,, -• r....^.....  J    ^o^pSp  9^5678 

Pressure  in  pounds  per  square  inch )  g, 

equivalent  to  heat,  p^-r  144, /  "^  »o-4 

Mean, 1057 

Efficiency,  ■     ^^^, 0*121  0*127 

Mean,  13-03^  105-7, 0123 

*  Tbete  are  the  ennnes  made  by  Messn.  Randolph,  Elder,  &  Co.,  for  the  fteamer 
"  Admin],'*  hmlt  by  Mr.  James  B.  Napier. 
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Neb  feed  water  per  cubie/oot  swept  through  by  pistane — 

J)  Bottom.  Topi 

— ^in  pounds, 0-0199  0*0134 

Mean, 0*0167 

^tf2^!^.^!^!^^.^^^t}  797,437     808,340 

Per  cubic  foot  swept  throogh  by  pistons,     15,830  10,865 

.  Mean, 13,347 

Injection  toaier  required  in  pounds  per  \ 

cubic  foot  swept  through  by  pistons,  >  0*384 

T5  -  Tg  h&ng  supposed  =4t5'*, j 

Available  heat  e3q>ended  per  hour  in  foot-pounds  per  indicated 
horse-power — 

The  actual  consumption  of  coal  was  2*97  lbs.  per  indicated  horse 
power  per  hour;  hence  the  available  heat  of  combustion  of  1  lb.  ot 
the  coal  was 

16,100,000  ^  g  420,000  foot-lbs. ; 

which,  if  the  total  heat  of  combustion  of  1  lb.  of  the  coal  be  esti- 
mated at  10,000,000  foot-lbs.,  gives  for  the  efficiency  o/thejumaa 
a/nd  boiler. 

'  0*542. 

Example  II.,  the  same  engines  calculated  by  approximate  for- 
muhe: — 

Data —  Ll»,  per  inch. 

Mean  pressure  of  admission,  ^r =  34 

Mean  back  pressure, -^^ 4 

ur  .    w  1     0*24  +  0*16     ^„ 

Mean  cut  off,  -  = 5 =  0*2 

'  r  2 

Results — 

Mean  gross  pressure,  :^  =  34  x  -505 17*17 

->Mean  effective  pressure, ^"7/^  calculated, 13*17 

observed, 13*10 

Difference, +  0*07 

Pressure  equivalent  to  expenditure  of  heat,  p„  ^  144,  105*4 

IMdency,  ^  =  P-^^Pz  ^  Q.225, 

Ph         Pk 
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Ur  memriT'drf  Steaak— The  rules  of  Articles  287  and 
28S  are  accnrate  for  one  mode  of  expansive  working  only.  The 
first  five  rules  of  the  present  Article  are  applicable  to  all  modes  of 
expansive  working,  provided  only  that  the  cylinder  is  supplied  with 
heat  enough  to  prevent  any  large  quantity  of  liquid  water  from 
accumulating  in  it;  so  that  the  steam  may  be  said  to  be  neovrly 
dry;  and  the  last  six  rules  give  results  for  proposed  engines,  that 
are  accurate  enough  for  most  practical  purposes. 

In  fig.  110a  letAFGBHKA  represent  the  indicator  diagram 
of  any  steam  engine,  F  being  the  point  of  admission,  G  that  of 
cut-off,  B  the  point  of  release,  where  the  exhaust  port  is  opened,  H 
ihe  end  of  the  forward  stroke,  and  K  the  point  whei-e  "cushioning" 
(if  any)  begins  (see  page  420.)  Let  the  horizontal  line  through  0 
t>e  the  zero  line  of  absolute  pressures,  so  that  heights  above  that 
line  represent  absolute  pressures  of  the  steam ;  B  C,  for  example, 
being  the  absolute  pressure  at  the  instant  of  release. 

Through  B  draw  B  A  parallel  to  the  zero  line;  and,  if  necessaiy, 
set  back  the  point  A,  so  as  to  allow  for  clearance  (see  page  418), 
in  order  that  the  length  A  B  may  represent  the  whole  volume  of 
steam  contained  in  the  cylinder  and  ports  at  the  instant  of  release. 
From  A  let  fall  the  perpendicular  A  O  upon  the  zero  line.  Then 
horizontal  distances  on  the  diagram  from  the  line  OAF  represent 
volumes  occupied  by  the  steam  in  the  cylinder. 

Then  if  we  calculate  in  a  series  of  particular  cases  by  equation 
5  of  Article  287,  puge  399,  a  quantity  which  may  be  called  the 
heaJt  qfrdeaae,  consisting  of  the  total  heat,  sensible  and  latent,  of 
the  volume  of  steam  A  B  at  the  absolute  pressure  C  B,  togeUier 
with  the  quantity  of  heat  which  that  steam  would  carry  off  from 
the  cylinder  and  valve  ports,  supposing  it  to  expand  down  to  the 
hack  pressure  without  liquefaction,  that  quantiiy  is  found  to  be 
given  approximately  to  the  accuracy  of  about  1  per  cent  by  the 
following  rule : — 

I.  Multiply  the  product  of  the  absolute  pressure  and  volume  of 
the  steam  at  the  point  of  release  by  16  for  a  condensing  engine,  or  by 
15  for  a  non-condensing  engine.  The  result  will  be  the  mechanical 
equivalent  of  the  heat  of  release,  nearly. 

To  represent  the  preceding  rule  graphically,  in  fig.  110a  produce 
A  B  to  D,  making  AD  =  16AB  for  a  condensing  engine,  or 
15  A  B  for  a  non-condensing  engine;  complete  the  rectangle 
A  D  E  O;  then  the  area  of  that  rectangle  (=  16  or  15  A  B  •  B  C) 
represents  the  heat  of  release,  in  units  of  work. 

The  area,  A  B  H  K,  of  that  part  of  the  steam  diagram  which 
lies  below  tiie  pressure  of  release  represents  a  portion  of  heat  saved 
out  of  the  heat  of  release,  by  conversion  into  mechanical  work;  and 
the  area,  A  F  G  B,  of  that  part  of  the  steam  diagram  which  lies 
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above  tlie  pressure  of  release  represents  an  additional  expenditure 
of  heat,  all  of  which  is  converted  into  work.  Hence  the  foUowing 
rules:— 

II.  Whole  heat  expended  on  the  steam  ==  area  A  D  E  O  +  ar«^ 
AFGB. 

III.  Heat  converted  into  mechanical  work  =  area  A  F  G  B  H  K. 
TV.  Heat  rejected  with  the  exhaust  steam  s=  area  A  D  E  0  — 

area  A  B  H  K. 

TT   T?m  '  ^^v     I.  areaAFGBHK 

V.  Efficiency  of  the  steam  = .  -r,  ^^^   , .   p  n  p> 

•^  area  A  D  E  O  +  area  AFGB 

In  applying  the  same  principles  to  pi'oposed  engines,  the  same 
assumption  may  be  made  as  in  Article  278,  pages  375  to  377;  thai 
iff,  A  B  may  be  treated  as  representing  the  whole  capacity  of  the 


Fig.  110a. 

cylinder;  and  K  A  F,  F  G,  B  H,  and  H  K,  as  stnught  lines.  Also, 
the  expansion  curve  G  B  may,  without  material  error,  be  treated 
as  a  common  hyperbola.  To  produce  such  a  curve,  the  steam  must 
contain  a  little  liquid  water  on  its  admission,  or  immediately  after- 
wards; and  that  water  must  be  evaporated  during  the  expansion 
by  means  of  heat  communicated  to  it  from  the  cylinder,  which 
must  receive  heat  either  by  jacketing  or  by  superheating. 
Then  the  following  approodmcUe  rules  are  applicable : — 
VI.  To  calculate  the  absolute  pressure  of  release;  divide  the  initial 
absolute  pressure  by  the  rate  of  expansion;  that  is  to  say,  make 


ft  =  ^ 0) 


VII.  To  calculate  the  ratio  of  the  mean  ahsokUe  pressure  to  the 
initial  absolute  pressure;  make 

y«_  1  +  hyp  logy.  /9. 

Fi r  ' t-^ 

r  denoting  the  rate  of  expansion.     For  values  of  this  ratio  and  its 
reciprocal,  see  Table  XI.,  page  443.     (See  page  553). 
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YIIL  To  calculate  the  mean  effective  pressure;  ivom  the  mean 
absolute  pressure  subtract  the  mean  back  pressure^  estimated  as  in 
Article  280,  page  382;  that  is  to  say,  as  before; 

Mean  effective  pressure,  p<  =  Pm  "  Pz (3.) 

IX.  To  find  a  pressure  equivalent  to  the  raie  of  expenditure  of 
available  heat:  to  the  mean  absolute  pressure  add  15  times  the 
pressure  of  release  in  a  condensing  engine,  or  14  times  that  pressure 
in  a  non-condensing  engine;  that  is  to  saj,  make,  in  condensing 
engines; 

Pa  =  P«  +  15 /?2; (^O 

or  in  non- condensing  engines, 

Pa=P«  +  14jP2 (4a.) 

X  The  efficiency  of  the  steam,  as  before,  is 

Pf^P"-^9 (5.) 

Pk  Pk  ^   ^ 

XL  The  mechanical  equivalent  of  the  rejected  heat  is  found  by 
multiplying  the  space  swept  through  by  the  piston  by 

15  P2  +i?3  in  condensing  engines; (6.) 

or  l^p2+pQin  non-condensing  engines (6a. ) 

Example. — Data — Condensing  engine,  absolute  initial  pressure 
Pj  =  34  lbs.  on  the  square  inch. 

Bate  of  expansion,  r  =s  5. 

Mean  back  pressure,  pz  =  ^  lbs.  on  the  square  incL 

Results, — (1.)  Pressure  of  release,  pg  =jPi  -r-  5  =  6*8  lbs.  on  the 
square  inch. 

p,^l+hyplog5_^2»609_^Q.^,, 
Pi  5  5 

Therefore,  mean  absolute  pressure,  p«  =  34  x  0'522  =  17'75 
lbs.  on  the  square  inch. 

(3.)  Mean  effective  pressure,  p^  —  P3  =  13-75  lbs.  on  the  square 
inch. 

(4.)  Pressure  equivalent  to  rate  of  expenditure  of  available  heat, 
ft  =  17-75  +  (15  X  6-8)  =  119-75  Iba  on  the  square  inch. 

(5.)  Efficiency  of  steam  =     ^     =  0-115. 

(6.)  Mechanical  equivalent  of  rejected  heat  =  space  swept 
through  by  piston  x  106  lbs.  on  the  square  inch.* 

*  The  roles  of  this  Article  first  appeared  in  the  Engineer  of  the  6tb 
January,  1866,  where  examples  are  given  in  greater  detail. 
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289  A.  CoBdcBuiiiv  Hiyh  Presnm  EagiBca. — ^This  term  may  ha 
applied  to  engines  such  as  Mr.  Beattie*s  locomotives,  in  which, 
although  the  steam  is  discharged  from  the  cylinder  at,  or  a  little 
above,  the  atmospheric  pressure,  a  portion  of  it  is  condensed  for 
the  purpose  of  heating  the  feed  water,  the  remainder  being  iLsed 
to  make  a  blast  in  the  chimney.  This  is  effected  by  conducting 
steam  through  a  branch  from  the  exhaust  pipe  into  a  close  vesst^l, 
through  which  there  falls  a  shower  of  water  from  the  water  tank. 
From  the  bottom  of  that  vessel  water  is  drawn  by  the  feed  pump, 
and  forced  into  the  boiler,  its  temperature  being  usually  aboui 
200°  Fahrenheit 

In  applying  the  exact  formulae  to  this  case,  T^  is  to  be  made 
=  200°  Fairenheit,  or  whatever  other  temperature  the  feed  water 
may  have. 

In  applying  the  approximate  formulae,  the  results  of  the  follow- 
ing calculation  will  in  general  be  found  sufficiently  accurate. 

The  approximate  expression  already  given  for  the  expenditure 

of  heat  per  unit  of  volume  swept  through  by  the  piston,  viz.,  — ^-^\ 

was  obtained  upon  the  supposition  of  the  temperature  of  the  feed 
water  being  104°,  or  thereabouts.  Referring  to  Article  215  a, 
and  to  the  Table  in  page  256,  let/  denote  the  ^^ factor  of  evapora- 
tion "  for  the  boiling  point  of  the  water  in  the  boiler,  and  for  the 
temperature  of  feed  water  104°;  and  let/*  be  the  factor  of  evapora- 
tion for  the  same  boiling  point,  and  for  the  temperature  of  feed 
water  200°;  then  the  expenditure  of  heat  will  be  reduced  very 

nearly  in  the  proportion -=~,  so  that  the  approximate  formula  for  the 

expenditure  of  heat  per  unit  of  volume  swept  through  by  the  piston 
will  now  be 

5L  =  fl^ii^ (,.) 

For  example,  let  the  boiling  point  be  320°  Fahrenheit,  which 
corresponds  to  a  pressure  of  89*86  lbs.  on  the  square  inch  in  all,  or 
75  lbs.  above  the  atmosphere  nearly;  then 

/'  =  1-04;/=  1-15;  and 

?I=ii^^  nearly. (2.) 

The  pipe  for  conducting  steam  from  the  exhaust  pipe  to  the 
condenser  has  a  cock  or  valve,  by  means  of  which  its  openiog  is 
adjusted  until  it  transmits  the  greatest  quantity  of  fliteam  com- 
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patible  with  complete,  or  nearly  complete,  condensation.  According 
to  experiments  on  Mr.  Beattie*s  engines  described  by  Mr.  Patrick 
Stirling,  about  one-fomih  of  the  whole  exhaust  steam  is  required 
for  this  purpose;  and  the  remaining  three-fourths  are  adequate  to 
[>roduGe  a  si^dent  blast  in  the  chimney. 

290.   l^lfference  between  PreMure  ia  Boiler*  and  Initial  Preenwe 

la  €;7iuidcr.p— wire-Vrawa  Steam. — The  fall  which  the  pressure  of 
:he  steam  undergoes  during  its  passage  from  the  boiler  to  the 
;y Under,  is  due  to  the  following  causes : — 

1.  The  resistance  of  the  steam  pipe  through  which  the  steam 
passes  from  the  boiler  to  the  valve  box. 

2.  The  resistance  of  the  regulator,  or  throttle  valve,  by  which 
;he  steam  pipe  is  partially  closed,  in  the  same  manner  with  the 
mpply  pipe  of  the  water  pressure  engine,  fig.  40,  Article  132,  page 

3.  The  resistance  of  the  "ports/^  or  steam  passages  through 
»'hich  the  steam  is  admitted  from  the  valve  box  into  the  cylinder, 
md  which  are  at  times  partially  closed  by  the  valves,  so  as  to  have 
iieir  resistance  increased. 

4.  The  disappearance  of  actual  energy  when  the  steam  passes 
rem  the  ports  into  the  cylinder,  exchanging  its  previous  rapid 
notion  for  the  comparatively  slow  motion  of  the  piston. 

It  is  impossible,  in  the  present  state  of  our  knowledge  of  the 
properties  of  steam,  to  calculate  separately  the  losses  of  pressure 
iue  to  these  four  causes;  and  even  were  it  possible,  the  complexity 
)f  the  resulting  formula  would  be  out  of  proportion  to  its  practical 
utility.  All  that  can  for  the  present  be  done  is  to  use  the  theory 
3f  the  discharge  of  gases  through  orifices,  as  explained  in  Article 
234,  in  order  to  find  the  probable  farm  of  an  approximate  formula 
for  the  whole  loss  of  pressure,  and  to  determine  a  constant  co-effi- 
(nent  in  that  formula  empirically  from  experiments  on  existing 
engines. 

The  best  collection  of  experimental  data  on  this  subject  is  con- 
tained in  Mr,  B.  K.  Clark's  work  on  Eailtvay  Machinery.  These 
data  are  taken  partly  from  the  experiments  of  Messrs.  Gouin  and 
Lechatelier,  and  partly  from  Mr.  Clark's  own  experiments;  and 
are  to  a  certain  extent  reduced  to  general  laws. 

Amongst  other  general  results,  Mr.  Clark  finds  that  the  effect 
of  the  resistance  in  the  steam  pipe  is  inappreciable,  when  the 
sectional  area  of  that  pipe  is  not  less  than  tV  of  the  area  of  the 
piston  for  steam  in  an  ordinary  state  as  to  dryness,  and  not  less 
than  iV  for  steam  in  a  very  dry  state;  the  mean  speed  of  the  piston 
not  exceeding  600  feet  per  minute,  or  10  feet  per  second  It 
follows,  that  in  a  well  constructed  engine,  the  st^m  pipe  should 
be  so  proportioned,  that  supposing  the  density  of  the  steam  to  be 
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the  same  in  it  and  in  tlie  cylinder,  the  velocity  of  the  steam  throQ^ 
the  steam  pipe  shall  not  exceed  about  100  feet  per  second,  and 
then  the  resistance  in  the  pipe  may  be  neglected.  This  resolt  is 
corroborated  by  the  known  effect  in  practice  of  the  ordinary  role, 
that  where  the  velocity  of  the  piston  is  from  200  to  240  feet  per 
minutiB^the  area  of  the  steam  pipe  should  be  about  tt  of  that  of  the 
piston. 

The  resistance  of  the  regulator  in  a  properly  proportioned  steam 
pipe  is  inappreciable  when  it  is  wide  open ;  and  when  it  is  partially 
dosed,  the  investigation  of  mathematical  relations  between  the 
resistance  and  the  opening  is  practicaUy  unimportant,  because  the 
extent  of  opening  of  the  regulator  required  to  produce  any  given 
reduction  of  pressure  in  any  existing  engine  can  easily  be  found  by 
trial 

There  remain  to  be  considered,  the  resistance  of  the  cylinder 
ports,  and  the  loss  of  head  on  entering  the  cylinder. 

In  Article  254,  equation  1,  is  given  an  expression  for  the  velocity 
of  a  gas  rushing  through  an  orifice,  from  a  space  in  which  the 
pressure  is  p^,  into  a  space  in  which  the  pressure  is  p^  To  prevent 
confusion,  and  to  adapt  the  equation  to  the  notation  of  the  present 
section. 

Put  p^  to  stand  for  the  pressure  in  the  boiler  and  valve  chest, 
instead  of  p^; 

And  p^f  tne  initial  pressure  in  the  cylinder,  instead  of  P2; 

Also  put  Y  instead  of  u  to  denote  the  greatest  velocity  of  flow. 

Square  both  sides  of  the  equation;  divide  by  2  ^;  and   for 

_  .  O—P  substitute  its  equivalent,  K,;  then  we  have  for  Hm 

y—  1       Tq 

head  due  to  the  maximuin  velocity  Y — 

which  for  steam,  treated  as  a  perfect  gas,  becomes 

-=3e,.,{i-(^-} a.) 

From  analogy  with  the  flow  of  liquids  and  of  air,  it  in  probabk 
that  when  besides  producing  a  cxurrent  of  steam  of  a  oertain 
velocity,  the  diflerence  of  pressure  has  also  to  overcome  the  friction 
of  a  passage,  the  lefl-hand  side  of  the  preceding  equation  should  be 
multiplied  by  1  +  P,  F  being  a  "  factor  of  resistance**  (as  in  Article 

The  quantity  Y^,  being  the  mean  eqofvre  of  the  velodfy  witb 
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rbich  the  steam  enters  the  cylinder,  may  be  treated  as  the  product 
F  three  Victors,  viz. : — 

The  square  of  the  mean  velocity  of  the  piston  (let  this  be  denoted 
yV'Z); 

The  square  of  the  ratio  in  which  the  area  of  the  piston  exceeds 


ae  area  of  the  port  (—•); 


A  &ctor  depending  on  the  figure  and  manner  of  motion  of  the 
alve. 

For  simplicity's  sake,  take  the  product  of  this  last  £Eu^r,  and  of 
lie  factor  1  +  F,  which  may  be  denoted  by  one  symbol,  B.  Then 
he  formula  for  the  '^  loss  of  head  '*  sustained  by  the  steam  becomes 


BT2A2 


^=-' -.{.-©""}> (.) 


(lying  the  following  formula  for  computing  the  ratio  in  which  the 
.bsolute  pressure  of  the  steam  &1Ib  : — 

p,    _(  BY-^A«       l^^ 

p,"  r       2^X366-7  ria2J       ^""'^ 

The  co-efficient,  B,  is  to  be  determined  empirically.  As  a  basis 
br  this  determination  in  the  case  of  dry  steam  may  be  taken  one 
>f  the  general  conclusions  arrived  at  by  Mr.  Clark,  viz.,  that  when 

-  =  Id,  and  V'-s  10  feet  per  second,  -^  =  0*84  nearly;  the  pres- 

mre  in  the  valve  chest,  p^  being  on  an  average  90  lbs.  on  the  square 
inch  or  thereabouts,  and  consequently  the  absolute  temperature 
Tj  =  320^  +  46r-2  =  7SV2  nearly. 
These  data  give  B  =  32*4,  and  consequently 

B 324 l_ 

2gX  366-7  "  23615-5  ""726* 

10  that  equation  3  becomes 


h-ii^ji^y^ (4) 


In  all  cases  in  which  the  difference  between  pt  and  py  is  small, 
the  following  fonnnla  is  a  snfElciently  close  approximation : — 

h-l-S^J^.  (6.) 
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The  following  example  is  a  case  to  wliicli  the  approximate  foi 
mula  does  not  apply.  The  data  are  such  as  are  sometimes  met  witi 
in  Cornish  single  acting  engines : — 

A 

V'  =  2J  feet  per  second;   -  =  120; 

r^  =  745-2;  whence 

-^1  =  0-8336       =0-458; 

so  that  if  p»  =  52*52  lbs.  per  square  inch^  Pi  =  24  lbs.  on  the  squv 
inch. 

In  the  next  example,  the  approximate  formula  is  applicable 
and  the  data  are  such  as  are  veiy  commonly  met  with  in  douU 
acting  expansive  engines. 

V  =  4  feet  per  second;  —  =  25; 
rx  =  266°  +  46r-2  =  727°-2;  whence,  by  equation  5, 

80  that  if  p^ssz  39-2  lbs.  on  the  square  inch,  p^  =  36*2  lbs.  on  th< 
square  inch,  the  loss  of  pressure  being  3  lbs.  on  the  square  inch 

It  appears  further,  from  the  experiments  of  Mr.  Clark,  that  ihn 
loss  of  pressure  of  misty  steam  in  traversing  passages  exceeds  thai 
of  dry  steam  in  a  proportion  which  cannot  be  computed  will 
any  approach  to  precision,  but  which  ranges  from  1^  to  2|  an< 
sometunes  even  to  3. 

The  lo88  of  head  which  occurs  during  the  passage  of  steam  fron 
the  boiler  to  the  cylinder,  does  not  wholly  represent  toasted  energy, 
for  being  expended  in  friction,  it  produces  heat;  so  that  stean 
which  has  had  its  pressure  lowered  by  the  resistance  of  passages 
or  as  it  is  called,  has  been  wire-drawn,  is  superheated  (that  is,  is  at  s 
temperature  higher  than  the  boiling  point  corresponding  to  it^ 
pressure,  although  lower  than  the  temperature  in  the  boiler),  as 
has  already  been  stated  in  Article  253.  Even  supposing,  however, 
that  no  energy  is  directly  wasted  when  steam  is  wire-drawn,  there 
is  stiQ  an  indirect  waste  of  energy  from  the  lowering  of  its  pre»^ 
sure,  which,  by  diminishing  the  forward  pressure  upon  the  piston 
as  compared  with  the  back  pressure,  and  by  diminishing  Uk 
extent  of  expansive  working  of  which  the  steam  is  capable,  lowen 
its  efficiency. 

When  an  engine,  therefore,  has  to  work  against  a  diminished 


WDtE-DRAWINO  AT  CtTT-OFr. 


4ir 


Fig.  IIL 


reaistanoe,  it  is  better  to  diminish  the  mean  effective  pressure 
by  cutting  off  the  admission  earlier,  and  so  working  with  a 
greater  ratio  of  expansion,  than  by  contracting  the  opening  of  the 
relator,  and  so  lowering  the  initial  pressure  by  wire-drawing 
The  former  method  makes  the  engine  more  economical,  the  latter 
Ies&    (See  page  554.) 

291  IBmtem  m€  ]»te»bliv  €Smmmm  .n  IMngm.*— Some  of  the 
deviations  of  the 
diagram  of  energy 
of  a  steam  engine 
from  the  ideal  form 
have  already  been 
considered  inci- 
dentally in  the 
preceding  Articles 
of  this  section.  In 
the  present  Article 
the  more  impor- 
tant and  nsual  of 
these  deviations 
are  to  be  classed 
and  considered  more  in  detail 

These  causes  may  be  thus  classed,— 

Causes  which  affect  the  power  of  the  engine,  as  well  as  the  figure 
of  the  diagram: — 

L  Wire-drawing  at  cut-off 
IL  Clearance. 

III.  Compression,  or  cushioning. 

IV.  Release. 

V.  Conduction  of  heat 
VL  Liquid  water  in  the  cylinder. 

Causes  which  affect  the  figure  of  the  diagram  only : — 
VII.  Undulations. 
VIIL  Friction  of  the  indicator. 
IX.  Position  of  the  indicator. 

I.  Wire-dratmng  at  Gviroff, — ^The  valve  by  which  the  steam  is 
admitted  into  one  end  of  the  cylinder,  closes,  in  order  to  cut  ^ 
the  admission  of  steam,  not  iustantaneously,  but  by  dorses, 
especially  when  it  is  a  slide  valve.  In  consequence  of  this,  the 
loss  of  pressure  by  the  steam  in  passing  from  the  valve  chest  into 
the  cylinder  gradually  increases,  and  the  pressure  of  the  steam  in 
the  cylinder  begins  gradually  to  diminish,  before  the  complete 
closing  of  the  valve;  so  that  the  top  of  tiie  diagram,  which  ii 

2  X 
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dmwn  during  the  admiaBian  of  tlie  steun,  nutoid  of  fUTJif  iiiiiig  « 
stnight  line,  AB  (fig.  Ill),  pumllel  to  O  X,  preBentB  a  droopb^ 
corye,  oonvex  upwardB,  sadi  as  A  H  6. 

The  point  of  the  stroke  where  the  eompide  c&Mmy  of  the  Tihre,  or 
aeUtal  eul^ff,  takes  place,  is  nsnallj  nuixked  on  the  diagnm  hy  % 
povnJt  of  eomtrofry  jUxuTty  G,  where  the  cnnre  convex  upwards,  H  G, 
produced  b^  wire-diawing,  toiaches  the  cmre  of  expansion,  G  C. 
which  is  concave  upwards.  The  steam  b^ins  to  a  certain  extecc 
to  work  expansively  before  the  valve  is  oompletelj  dosed,  and  the 
energy  exerted  is  nearly  the  same  as  if  the  valve  closed  instan- 
taneously at  a  somewhat  earlier  point  of  the  stroke,  whidi  may  W 
called  the  virltuil,  or  effectwe  cutoff.  To  find  approximately  thst 
point,  produce  the  expansion  curve,  C  G,  upwards,  and  draw  the 
straight  line,  A  B,  to  meet  it;  then  the  point  B  marks  the  effect! v»* 
cnt-ofi^  and  determines  the  effective  ratio  of  expansion  to  be  u>^-l 
in  computing  the  efficiency. 

IL  Clea/rcmce  is  a  term  used  to  include,  not  merely  the  dearance 
proper,  which  is  the  space  between  the  piston  and  the  end  of  ihe 
cylmder  to  which  it  is  nearest  at  the  end  or  b^iiming  of  a  stTt>kc>. 
but  also  the  volume  of  the  ports,  and  generaUy  the  whole  minimum 
space  between  the  piston  and  the  valves.  It  is  evident  that  this 
space,  as  well  as  the  space  through  which  the  piston  sweeps,  has 
to  be  filled  with  steam. 

The  defiance,  for  puiposes  of  calculation,  is  expressed  in  tlie 
form  of  a  fraction  of  the  space  swept  through  by  the  piston  dune:; 
a  single  stroka  Let  A  be  the  area  of  the  piston,  s  the  length  ii' 
its  stroke;  then 

tfolume  of  clearance  ..  . 

As =" <1> 

is  the  fraction  in  question,  and 

voltmie  of  dearanoe  ^=  e  A.  8 (2.) 

The  length  of  cylinder  equvwdent  to  the  demramoe  is 
volume  ofdewramae 


A 


^^^ (3.) 


The  value  of  the  fraction  c  ranges  from  i  to  i^,  and  sometimes 
less,  in  different  engines,  being  greatest  in  the  smallest  engines 
The  equivalent  length  of  cylinder  c  s  varies  less,  being  usualJj 
from  one  to  two  inches. 

The  clearance  affects  the  ratio  of  expansion  in  the  following 
manner: — 

In  fig.   Ill,  let  £  E  =s  A  s  represent  the  whole  space  swept 
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through  by  the  piston  per  stroke;  and  let  LK  =  N  A  =  cA« 
represent  the  clearance.  The  steam  being  cat  off  at  B,  A  B  in  the 
diagram  A  B  C  E  F  A  appears  to  represent  the  Yolnme  of  steam 
in  the  cylinder  at  the  instant  of  cut-off,  and 

AB_1    1T_ 
El*""r'*AB~    ' 

are  the  apparent  cut-off  and  ratio  of  expansion.  But  the  real 
volume  of  steam  in  the  cylinder  at  the  instant  of  cut-off  is  NB, 
and  it  expands  to  the  volume  LI;  so  that  the  reed  cut-off  and 
ratio  of  expansion  are 

1    .  

l^NB^/"^^  LI  _l+c_/  +  c/      ,,v 

r       LI       1+c'         NB      1    ,     ""  1  +  c/'  '^  ^^ 

If^  tteam  is  completely  exhausted  from  the  cylinder  during  each 
return  stroke,  the  clearance  produces  the  following  effect  on  the 
expenditure  of  steam  and  of  heat  The  apparent  volume  of  steam 
admitted  per  stroke  being  A  B,  and  the  real  volume  N  B,  the 
expenditure  of  steam,  and  consequently  of  heat,  is  increased  by 
reason  of  the  deaiance  in  the  ratio 

On  the  same  supposition,  that  the  steam  is  completely  exhausted 
during  each  return  stroke,  the  mean  absolute  pressure  is  diminished 
nearly,  but  not  quite,  to  the  extent  expressed  by  the  following 
formula,  in  which  p'^  is  the  actual  mean  absolute  pressure,  and  p^ 
what  that  pressure  would  be  with  the  real  expansion,  r,  if  there  were 
no  dearanoe : — 

I^»=P^  —  c{Pi—Pm) (6.) 

The  diminution  of  mean  pressure  is. not  quite  to  the  above  extent; 
because  the  energy  with  which  the  steam  rushes  in  to  fill  the 
clearance  is  expended  partly  in  impulse  against  the  piston,  and 
partly  in  producing  heat  by  friction  amongst  the  particles  of  steam, 
and  that  heat  superheats  the  steam,  and  makes  a  less  quantity 
suffice  to  fill  a  given  space  at  a  given  pressure ;  but  it  is  unneces'- 
sary  to  consider  this  in  the  calculation. 

The  efficiency  of  the  steam  is  diminished  nearly  in  the  following 
proportion : — 
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^'-  — ft rrx 

(H-cr')(p.-|,J V) 

in.  Compression,  or  cushioning,  is  effected  by  closing  the  educ 
tion  valve  l]«fore  the  end  of  the  return  stroke;  for  example,  at  th 
point  corresponding  to  M  on  the  diagram.  This  confines  a  certai 
quantity  of  steam  in  the  cylinder,  which  is  compressed  by  the  pistoi 
during  the  remainder  of  the  return  stroke,  the  rise  of  its  preasor 
being  represented  by  some  such  curve  as  M  A.  In  the  figure,  ths 
curve  is  made  to  terminate  at  A,  in  order  to  represent  the  moi 
advantageous  adjustment  of  the  compression,  which  takes  plac 
when  the  quantity  of  steam  confined  or  '^  cushioned"  is  just  sujffi 
dent  to  Jill  the  clearance  at  the  initial  pressure  p^. 

An  approximate  formula  for  adjusting  the  compression  is  a 
follows: —  

s=-©f' <-) 

The  effect  of  this  adjustment  is  to  save  all  the  additional  expen 
diture  of  steam  per  stroke  denoted  by  c  /  in  equation  5,  and  t^ 
save  also  the  loss  of  energy  per  pound  of  steam  expressed  by  th< 
formula  6;  so  that  the  efficiency  of  the  steam  remains  undiminished 
The  mean  effective  pressure,  however,  is  diminished  in  the  proportioi] 

and  the  pressure  equivaXent  to  the  heat  expended  in  the  same  propor- 
tion ;  so  that  if  p^  and  pj^  respectively  represent  those  quantitiefi, 
calculated,  as  in  previous  Articles,  on  the  supposition  of  there 
being  no  clearance,  they  are  altered  respectively  to 


p'=r^;andy,  =  ^»; (9.) 


while  the  space  to  be  swept  through  by  the  piston  per  nUmUe,  per 
indioated  h^yrse-power,  is  at  the  same  time  increased  in  the  ratio 

and  becomes 

33000  r'  .       , .    .   ^  ,,., 
m  cubic  feet, (10.) 

when  the  pressures  are  expressed  in  pounds  on  the  square  foot. 
In  the  case  which  has  now  been  considered  of  adjusted  cushion- 

c  1^ 

ing,  the  fraction  j-  .         of  a  whole  cylinderful  of  steam  (dearanoe 
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indaded),  peiforms  the  part  of  a  cushion  aooording  to  the  piindples 
laid  down  for  heat  engines  in  general  in  Article  262^  while  the 

fraction  -r—, — -,  performs  the  effective  work. 
l  +  cr'^ 

lY.  Edeaae  means  opening  the  exhaust  port  for  the  escape  of 
the  steam  before  the  forward  stroke  is  finished,  in  order  to  diminish 
the  back  pressure.  In  an  engine  in  which  there  is  no  release  (the 
exhaust  port  opening  exactly  at  the  end  of  the  forward  stroke),  the 
diagram  during  the  return  stroke  is  usually  a  curve  more  or  less 
resembling  the  dotted  line  C  M  K;  the  lower  side  of  the  ideal  6dHr 
gram  used  in  calculation  being  a  straight  line  E  F,  so  placed  that 
its  constant  ordinate  p^  is  equal  to  the  mean  ordinate  of  the  curve. 
L  K  I  is  a  straight  line,  whose  ordinate  O  L  represents  the  pressure 
in  the  condenser  (or  in  non-condensing  engines,  the  atmospheric 
pressure).  By  making  the  release  occur  early  enough,  for  example, 
at  the  point  corresponding  to  P  in  the  diagram,  the  entire  fall  of 
pressure  may  be  made  to  take  place  towards  the  end  of  the  forward 
stroke,  so  as  to  make  the  back  pressure  coincide  sensibly  with  that 
corresponding  to  the  ordinate  of  K  I;  and  then  the  end  of  the 
diagram  will  assume  a  figure  represented  by  the  dotted  line  P  I, 
which  is  usually  more  or  less  concave  upwards.  Energy  will  be 
saved  to  the  amount  represented  by  the  rectangle  K  F  x  K  I,  and 
energy  lost  to  the  amount  represented  by  the  area  of  the  figure 
P  C  I P;  and  on  the  whole,  energy  will  be  saved  or  lost  according 
as  the  former  or  the  latter  of  those  areas  is  the  larger.  The 
greatest  saving  of  energy  is  insured  by  making  the  release  take 
place  at  a  point  Q  such,  that  about  one-half  of  the  &J1  of  pressure 
shall  take  place  at  the  end  of  the  forward  stroke,  and  the  other 
half  at  the  commencement  of  the  return  stroke,  as  indicated  by  the 
dotted  curve  Q  R  S. 
V,  Conduction  of  heat  to  and  from  the  metal  of  the  cylinder,  or 
YL  To  and  from  liquid  water  contained  in  the  cylinder,  has  the 
effect  of  lowering  the  pressure  at  the  beginning,  and  raising  it  at 
the  end  of  the  stroke,  in  the  manner  already  mentioned  incidentally 
in  Article  286,  the  lowering  effect  being  on  the  whole  greater  than 
the  raising  effect.  The  general  nature  of  the  change  thus  produced 
in  the  dii^gram  is  shown  by  the  dotted  line  G  H I C  F  in  fig.  112. 
The  bad  effect  of  liquid  water  is  augmented  by  the  increased 
resistance  which  it  produces  to  the  flow  of  the  steam  through  the 
ports  (see  Article  280).  The  remedy  for  these  evils,  by  heating 
the  cylinder  externally,  has  already  been  mentioned  in  Article 
290.  In  some  experiments  the  quantity  of  steam  wasted  through 
alternate  lique&ction  and  evaporation  in  the  cylinder  has  been 
found  to  be  greater  than  the  quantity  which  performed  the  work. 
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YIL   Undtdalions,  such  as  those  sketched  in  fig.  113,  are  caused 
by  the  inertia  of  the  indicator  piston,  and  the  elasticity  of  its  spring. 


K.  112. 


Tig,  118. 


To  diminish  their  extent^  the  spring  of  the  indicator  should  be  stiff, 
and  its  mechanism  light.  When  large,  they  make  it  extremdy  dif- 
ficult to  determine  Uie  mean  effective  pressure  from  the  diagnuiL 
In  attempting  to  find  that  pressure,  by  sketching  a  diagram  freed 
from  undulations,  it  is  more  accurate  to  draw  a  line,  such  as  the 
dotted  line  in  the  figure,  midwav  between  the  cresU  and  hoUowe  of  the 
waves,  than  to  draw  a  line  enclosing  the  same  area  with  the  waw 
line. 

YIII.  The  friction  of  the  indicator,  by  directly  opposing  the 
motion  of  its  piston  and  pencil,  tends  to  make  the  incUcated  fo^ 
ward  pressure  less,  and  the  indicated  back  pressure  greater,  than 
the  real  forward  and  back  pi'essure  respectively,  and  so  to  make  the 
indicated  energy  less  than  the  real  energy  exerted  by  the  steam  on 
the  piston;  but  to  what  extent  is  veiy  tmcertain.  According  to 
some  experiments  by  Mr.  Him  {BvUetin  de  Mvlhouee,  vols.  xxviL, 
xxviiL  V  the  diminution  of  the  indicated  energy  by  the  friction  of 
the  inoicator  agrees  nearly  with  the  work  performed  in  overcoming 
the  friction  of  the  steam  engine;  so  that  the  indicator  shows,  not 
the  whole  energy  exerted  by  the  steam  on  the  piston,  but  veij 
nearly  the  ueqfiil  work  of  the  steam  engine;  but  it  is  doubtful  how 
far  this  principle  is  generally  applicable;  and  other  experiments 
especially  those  on  screw  steamers,  are  at  variance  with  it. 

IX  Position  of  Indicoitor. — ^Experiments  by  Messrs.  Bandolph, 
Elder,  &  Co.,  have  proved  what  might  have  been  expected  from  the 
laws  of  fluid  motion,  that  when  a  rapid  current  of  steam  blows 
across  the  orifice  of  the  nozzle  of  an  indicator,  the  indicated  pres- 
sure is  less  than  the  real  pressure.  Eveiy  indicator,  therdbie, 
should  be  fixed,  if  possible,  in  a  position  where  it  is  not  exposed  to 
this  cause  of  error. 

292.    BesistaBce    of  EaglBe  —  EAclcBcy    of  IlIcchAiiiam.  —  The 

energy  lost  through  the  resistance  of  the  engine  compi'ehends  that 
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expended  in  oyercoming  the  friction  of  the  mechanism,  in  working 
the  feed  pump,  in  working  the  air  pump  and  cold  water  pump  of 
condensing  engines,  and  generally,  in  overcoming  all  resistances 
arising  within  the  engine  itself  except'  the  back  pressure  of  the 
steam. 

Our  knowledge  of  the  amount  of  energy  so  lost  is  still  Teiy  Ysgue 
and  indefinite.  The  formula  (originally  proposed  by  the  Count  de 
Pambour),  by  which  it  is  calculated  approximately,  is  of  the  follow- 
ing kind : — 

lict  B^  represent  the  useful  load  of  the  engine,  reduced  by  the 
principle  of  virtual  velocities  to  the  piston  as  tibe  driving  point,  as 
in  Article  264.  Then  the  prejudicial  resistance,  reduced  to  the 
piston  also,  probably  consists  of  a  constant  part,  which  is  the  resis- 
tance of  the  engine  when  unloaded,  and  of  a  part  increasing  in 
proportion  to  the  useful  load ;  so  that  the  total  resistance^  reduced 
to  the  piston,  may  be  expressed  in  the  following  form : — 

R  =  (1+/)E,  +  B,; (1.) 

Kq  being  the  resistance  unloaded,  and  /  the  co-efficient  for  the 
variable  part  of  the  resistance. 

Let  A  be  the  area  of  the  piston;  then  the  total  resistance,  per 
unit  of  area  o/pistoTiy  which  is  equal  to  the  mean  effective  pressure^ 
may  be  thus  expressed  : — 

p.=i'.-p,=x=a+/)^+^ (2.) 

The  efficiency  of  the  mechanism  is  given  by  the  formula, 

^-         ^ ^  ...       ^3\ 

and  this,  being  multiplied  by  the  effidency  of  the  steam,  and  by  the 
efficiency  of  the  fwmace,  gives  the  resultant  efficiency  of  the  whole 
steam  engine. 

The  unloaded  resistance  is  known  b^  experiment  to  range  from 
i  lb.  to  about  1^  lb.  per  square  inch  of  piston,  including  resistance  of 
air  pump  (as  to  which,  see  p.  509),  and  to  be  on  an  average  1  Ibu 
per  square  inch ;  hence  we  may  put,  approximately, 

~?  =  1  lb.  on  the  square  inch  =  144  lbs.  on  the  square  foot.  ..(4.) 
The  value  of /in  well-made  engines  in  the  best  order  is  estimated 
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by  tlie  Coont  de  Pambour  at  ->  =0*143;  and  thai  estimate  ia  cor- 


lobonted  \jj  general  ezpenenoe,  in  caaes  in  wbidi  these  la  no 
Mpeatl  canae  for  increaaed  friction.  In  aodi  caaea^  then,  we  may 
^it  for  the  groas  reaiatance,  in  poonda, 

B  =  If  Bj  +  A  in  aqnaze  inchea; -•••(5.) 

and  for  the  efficiency  of  the  mechanism, 

Ri Bj 1 /g  \ 

R  "ACp,-/?^-^.^^^  ^  a  in  inchea 

In  moat  caaea  which  occur  in  practice,  a  reaolt  neariy  agreeing 
with  that  of  the  preceding  formoLi  ia  obtained  by  sappoaing  the 
whole  of  the  prejudicial  reaiatance  to  be  proportional  to  the  uaef  ul 
load;  that  ia,  by  making 

R  =  (l+/)Bi; (7.) 

the  value  off  being  aomewhere  between  0*2  and  0*25. 

In  marine  steam  enginea,  a  further  loss  of  work  takes  place  in 
impressing  backward  and  lateral  motion  on  the  water;  the  result 
being  to  make  1  +/'  =  from  1*6  to  1-67  in  ordinary  caaea.  (See 
RuUs  and  Tables,  page  274.) 

293.   Actton  of  mumm  agalMat    m  kiMwa  B— tofcti    Paifcwili 

PrabioB. — ^The  nature  of  the  problem  now  to  be  conaidered  with 
special  reference  to  the  action  of  saturated  steam,  has  already  been 
stated  in  general  terms  in  Article  264.  It  was  first  solved  by  the 
Count  de  Pambour.  In  that  author^s  solution,  however,  the 
toeiglU  of  steam  produced  in  the  boiler  in  a  given  time  was  treated 
as  a  known  constant  quantity;  while  in  this  treatise,  it  is  the 
available  heat  of  the  furnace  in  a  given  time  that  will  be  treated  as 
a  known  constant  quantity;  the  problem  being,  when  that  quantity, 
and  the  useful  resistance  to  be  overcome  by  the  engine,  and  the  back 
pressure,  and  also  the  ratio  of  expansion  are  given,  to  find  the  mean 
vdocUy  with  which  the  piston  will  move. 

Let  B^  be  the  useful  resistance,  reduced  to  the  piston.  Then 
the  total  resistance,  as  explained  in  Article  292,  is 

»  =  (!+/)  R,+R, (1.) 

Divide  this  by  the  area  of  the  piston  or  pistons,  in  a  single  cylinder 
en^ne,  or  by  the  area  of  the  Jaiger  piston  or  pistons,  in  a  double 
cylmder  engine;  then 
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i W 

ifl  the  mean  effective  premure. 

Let  /  be  the  apparent  latio  of  expansion^  e  the  clearanoey  then, 
as  in  Article  291,  IHyision  IL,  we  have  for  the  real  latio  of  expan- 
sion, 

'^-    l+cf' ^^^ 

Let  the  cnshioning  be  adjusted  as  it  ought  to  be  so  as  to  prevent 
appreciable  loss  of  efficiency  by  clearance;  then,  as  in  Article  291, 
Division  IIL,  we  have  for  the  mean  effective  pressure  in  an  ideal 
diagram^  fireed  from  the  effect  of  the  cushioning, 


and 


^•=r'A' 


.(4) 


From  the  real  ratio  of  expansion  r  find,  by  the  approximate  for- 
mulae of  Article  285,  or  Table  VIL,  if  the  cylinder  is  unjacketed, 
or  by  the  approximate  formulae  of  Article  288,  or  Table  VIIL,  if 
the  cylinder  is  jacketed,  the  ratio 

^; 

Pm' 

then  the  inUial  pressure  of  the  steam  will  be 

Pi^^^'iP.  +  Pzh (5.) 

Pm 

and  the  speed  of  the  engine  will  adjust  itself  so  as  to  maintain  this 
pressure. 

From  the  initial  pressure,  by  the  proper  exact  formulae  of  Article 
284  or  287,  or  approximate  formulae  of  Article  285  or  288,  as  the 
case  may  be,  compute  the  pressure  equivalent  to  the  expenditure  of 
heat, 

_  Hj pj^ . 

rv^     efficiency  of  steam ' ""^  '' 

Let  W  be  the  number  of  lbs.  of  coal  burned  per  minuie;  h  the 
available  heat  of  combustion  of  one  lb.  of  coal  in  foot-lbs.;  then 
the  volums  vshich  the  piston  will  sweep  through  ^ectively  per  mimUe 
will  be 
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KA,  =  *^A^; (7.) 

8  being  the  length  of  stroke,  A  the  area  of  piston,  and  N  ihi 
number  of  revolutions  per  minute,  or  the  double  of  that  number 
according  as  the  engine  is  single  or  double-acting.  This  Tolnm< 
being  divided  by  A  gives  the  distance  moved  through  effectively  bj 
the  piston  per  minute  (the  back  strokes  not  being  reckoned  in  t 
single  acting-engine),  viz., 

Ka  =  !^; (a) 

being  the  solutum  of  ihe  problem. 

The  indicated  potoer,  in  foot-lbs.  per  minute,  is 

^.NA5;?.=N5R; (9.) 

r 

and  the  effective  power 

LL_AI.=N,E,; (10.) 

and  these  quantities  are  reduced  to  horse-power^  by  dividing  bj 
33,000. 

When  the  effect  of  clearance  is  inappreciable  (as  is  often  tht 
case  in  practice),  the  preceding  formuke  are  simplified  by  makini 
c  =  0.  This  is  the  case  in  the  double-acting  engine  from  which  th< 
following  example  is  taken;  being  the  same  engine  which  h& 
already  been  referred  to  in  Example  L  of  Article  288  A. 

Data. 

Resistance  overcome  at  circumference  \ 

of   wheels,   making  one  turn  per  >  12900  lbs. 

double  stroke, j 

Circumference, 64*4  feet 

Length  of  stroke  of  piston, s  =:  4*25  „ 

Joint  area  of  large  pistons,  A  =  9192  square  inches;  /  estimatec 


^  = ;  ^  =  1  lb.  per  square  inch. 


Back  pressure,  j^g  =  4  lbs.  on  the  square  inch. 

Weight  of  coal  burned  per  minute, W=  36*8  lbs. 
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BfESULTS. 

drcuinference  of  wheels      64*4    ,       - 
Double  stroke ^-Qr^^^^oTe, 

Hi  =  12900  X  ^  =  97736  lbs. 

"A^  =  Q^Qrt  =  10*63  lbs.  per  square  inch. 

/>•  - jPs  =  1+  X  10-63  +  1  =  13-15  lbs.  per  square  incL 

p^  =  13*15  +  4-00  =  17-15  lb&  per  square  inch. 

^  by  Table  VIII.  (for-  =  0-3^  l-9a 

Initial  pressure  p^  =  17-15  x  1-98  =  33*96  lbs.  per  square  inch. 

Pj^  by  approximate  formula  =      ^     =  105-3. 

Ap*  =  105-3  X  9192  =  967,918  lbs. 

A  W  =  5,400,000  X  36-8  =  198,720,000  foolrlbs. 

Mean  velocity  of  pistons — 

hW _  198,720,000  _ 

A^"     967,918     "  ^^^  ^  *^*  ^"^  mmute, 

the  actual  mean  velocity  of  the  pistons  was  204  feet  per  minute. 
Indicated  horse-power,  from  (ilculated  speed  of  piston — 

205-3  X  13-15  X  9192  _    ^ 
33,000  "■       • 

The  indicated  horse-power  as  observed, • 744. 

Effective  horse-power  from  calculated  speed  of  piston — 

205-3  X  97736 


33000 
Effective  horse-power  from  observed  speed — 

204  X  97736 


=:60a 


=  604. 


33000 

294.    CwMmmmrr   IHede    of   Seating    JPrtnmivm, — The   CUStomary 

mode  of  stating  pressures,  already  described  in  Article  105,  as 
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applied  to  preflsoreB  of  water,  is  alflo  applied  to  pressores  of  gtetm; 
that  is  to  sajy  the  praunire  is  stated,  as  it  is  shown  by  a  gauge  or 
indicator,  in  pounds  per  square  inch  above  or  below  the  atmospfterie 
pressure;  a  pressure  lower  than  the  atmoepherio  pressure  being 
treated  as  negative,  and  called  *^  vacuum.''  Pl'essnres  stated  in  this 
customary  uuuiner  are  reduced  to  real  or  absolute  pressures  by 
adding  them  to  the  atmospheric  pressure  if  positive,  and  subtract- 
ing them  from  the  atmospheric  pressure  if  negativa  During 
experiments  on  steam  engines  intended  to  serve  as  a  basis  for  exact 
calculations  of  efficiency,  the  atmospheric  pressure  ought  to  be 
observed  from  time  to  time  by  means  of  a  barometer.  When  it 
has  not  been  so  observed,  it  may  be  guessed  at  14*7  lbs.  on  the 
square  inch,  at  the  level  of  the  sea.  As  to  its  diminution  at  higher 
levels,  see  Article  106. 

To  illustrate  this  by  an  example,  suppose  that  the  atmospheric 
pressure,  during  a  given  experiment,  is  actually  14-7  lbs.  on  the 
square  inch ;  and  that  the  pressure  in  the  boiler,  the  initial  pres- 
sure and  mean  back  pressure  in  the  cylinder,  and  the  pressure  in 
the  condenser,  are  shown  by  the  indicator  and  gauges,  and  described 
in  customaiy  language,  as  follows : — 

Pressure  in  boiler, 23  lbs.  on  the  square  incL 

Initial  pressure  in  cylinder, 19  „  „ 

Mean  vacuum  in  cylinder, 10 '7  „  „ 

Vacuum  in  condenser, 12*7  „  „ 

Then  the  real  or  absolute  values  of  these  pressures  are — 

Pressure  in  boiler,  p^  ^  14-7  +  23  ^  37*7  lbs.  on  the  square  incL 

Pressure  in  con- )  i  a-t      i  q.t      o 

denser, /  1*7 -127  =  J 

The  vacuum  in  the  condenser  being  often  measured  by  a  mer- 
curial gauge,  is  sometimes  stated  in  inches  of  mercury.  As  to  the 
reduction  of  inches  of  merouxy  to  lbs.  on  the  square  inch,  see 
Article  107. 

Sbctiok  6. — On  the  Aaion  of  Superheated  Steam. 

295.  Okjecis  sad  Mdlioda  ^f  S«p«rhMttof  mmam, — ^The  principsl 
objects  of  heating  steam  to  a  temperature  above  the  boiling  p(unt 
corresponding  to  its  pressure  are  the  following: — 

L  To  raise  the  temperature  at  which  the  fluid  reoeiTes  heat^  and 
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to  to  increaae  the  efficiency  of  the  fluid  (according  to  the  principle 
of  Article  265) ;  and  that  without  producing  a  dangerous  pressure. 

IL  To  diminish  the  density  of  the  steam  employed  to  overcome 
a  given  resistance,  and  so  to  lessen  the  back  pressure,  according  to 
one  of  the  principles  stated  in  Article  280;  in  customary  phrase, 
*'  to  improve  the  vacuum." 

IIL  To  prevent  condensation  of  the  steam  during  its  expansion, 
without  the  aid  of  a  jacket 

Those  three  effects  all  tend  to  increase  the  efficiency  of  the  fluid, 
and  economize  fuel 

The  principal  methods  of  superheating  steam  are  the  following : — 

L  Wiredrawing,  as  explained  in  Article  290,  which  occasions 
superheating  when  the  pi'essure  in  the  cylinder  is  much  less  than 
that  in  the  boiler;  but  seldom  to  an  extent  whose  effects  can  be 
made  the  subject  of  calculation.  Superheating  in  this  way  takes 
place  more  by  accident  than  design,  and  does  not  secure  all  the 
advantages  just  ascribed  to  superheating;  for  although  the  steam 
in  the  cylinder  is  at  a  temperature  higher  than  the  boiling  point 
corresponding  to  its  pressure,  the  steam  in  the  boiler  is  at  a  higher 
temperature  still,  and  at  the  pressure  of  saturation  corresponding 
to  that  higher  temperature. 

II.  Superheating  hy  tlie  steam  jacket,  which  takes  place  when  the 
steam  jacket  communicates  more  heat  to  the  expanding  steam  in 
the  cylinder  than  is  necessary  merely  to  prevent  any  of  it  from 
condensing.  It  does  not  appear  that  this  kind  of  superheating 
produces  an  effect  that  can  be  made  the  subject  of  a  definite  calcu- 
lation. Its  extent  is  limited,  as  in  Method  I.,  by  the  temperature 
in  the  boiler. 

IIL  Superheating  in  the  steam  chest,  or  upper  part  of  the  boiler, 
by  means  of  flues  traversing  or  surrounding  it.  By  this  method, 
the  steam  may  be  raised  to  a  temperature  somewhat,  but  not  very 
much  exceeding  the  boiling  point  corresponding  to  the  pressure  in 
the  boiler.  This  is  practised  in  many  marine  engines,  and  in  some 
cases  with  the  effect  of  preventing  condensation  in  unjacketed 
cylinders. 

IV.  'Superhea^mg  in  tubes  or  passages  which  the  steam  traverses 
on  its  way  from  the  boiler  to  the  cylinder.  By  this  method  almost 
any  required  temperature  can  be  given  to  steam  of  any  pressui'e. 
It  is  difficult,  if  not  impossible,  to  specify  any  one  as  the  first 
inventor  of  this  process.  Mr.  Frost  was  at  all  events  one  of  the 
first  to  recommend  it  and  cause  it  to  be  put  in  practice.  It  was 
used  many  years  ago  in  the  engines  of  the  American  mail  steamer 
'<  Arctic"  with  good  effect,  and  has  since  been  used  by  many 
makers  in  many  engines,  chiefly  marine,  with  a  great  variety  of 
forms  of  apparatus,  some  of  which  will  be  described  in  Chap.  IV. 
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Y.  Swperheaiing  by  mtxture,  where  a  portion  only  of  the  steam 
is  passed  through  superheating  tubes,  and  raised  to  a  very  high  ton- 
pierature,  and  then  injected  amongst  the  remainder  of  the  steam  at 
or  near  the  cylinder  ports,  so  as  to  bring  the  whole  mass  of  steam 
to  a  temperature  intermediate  between  the  boiling  point  cor- 
responding to  its  pressure,  and  the  temperature  in  the  super- 
heating tubea  The  mixture  thus  made  is  caUed  by  the  Hon. 
John  Wethered,  who  invented  the  process,  "  coTnbined  gUaraT 

YL  Srjtperheating  in  the  cylinder ^  by  means  of  a  flue  or  of  a 
furnace,  as  in  Mr.  Siemens's  steam  engine. 

296.  lifatftatioB  •£ the  Theorf  lo  iit«aiii-o«B- — The  investigations, 
rules,  and  tables  which  follow  are  confined  to  the  case  of  steam 
which  is  superheated  to  such  an  extent  that  it  may  without 
material  error  in  practice  be  treated  as  perfectly  gaseous.  8team 
in  that  condition  may  be  called  steam-gas. 

The  experiments  of  Him,  of  Sainte-Claire  Deville  and  Troost,  of 
Siemens,  and  others,  have  shown  that  steam  attains  a  con- 
dition which  is  sensibly  that  of  perfect  gas,  by  means  of  a  veer 
moderate  extent  of  superheating;  and  it  may  be  inferred  that  the 
formulas  for  the  relations  between  heat  and  work  which  are 
accurate  for  steam-gas  are  not  materially  erroneous  for  actual 
superheated  steam ;  while  they  possess  the  practical  advantage  of 
great  simplicity. 

The  product  of  the  pressure  of  steam-gas  in  pounds  on  the  sqiuars 

foot,  p,  and  the  volume  of  one  pound  of  it  in  cubic  /eei,  v,  at  any 

given  absolute  temperature, 

T  =  T°  +  461*'2  Fahrenheit, 

is  given  by  the  following  formula  : — 

•»•  T  4-  461°-2 

pv  =  miO':;r^=:miO'''-^^±^:=S5'U'r ;..,(!.) 

and  the  results  of  that  formula,  for  every  eighteenth  degree  of 
Fahrenheit's  scale,  from  T  =  32**  to  T  =  572°,  are  given  in  the 
column  headed  pvin  Table  IX.,  at  the  end  of  this  section.  (See 
Addendum,  page  448.) 

In  the  column  of  the  same  Table  headed  H  are  given  the' values 
for  the  same  series  of  temperatures,  of  the  total  heat  of  gas^Usation 
in  foot-poimds  required  to  raise  one  pound  of  water  firom  the  liquid 
state  at  32°,  to  the  state  of  perfect  gas  at  a  given  temperature, 
under  any  constant  pressure  compatible  with  the  perfectly  gaaeous 
state  at  the  latter  temperature.  It  is  assumed  that  saturated 
steam  at  32°  is  perfectly  gaseous,  so  that  the  total  heat  of  gasefica- 
tion  for  that  temperature,  H^^  is  simply  the  latent  heat  of  evapora- 
tion, or 

Ho  =  842872  foot-pounds; 
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&nd  then,  aocording  to  the  principles  explained  in  Article  258,  we 
have  for  the  total  heat  of  gasefication  of  one  pound  of  steam-gas  at 
any  other  temperature  in  foot-pounds — 

H  =  Ho  +  K,  (T  -  32^)  =  842872  +  371  (T  -  32°)....(2.) 

The  following  are  some  equivalent  expressions  for  the  same 
quantity : — 

H  =  659895  +  371  t=:  659895  +  4J;?z;  nearly....  (2  a.) 

The  column  h  gives  the  quantity  of  heat  in  foot-pounds  required 
to  raise  one  poimd  of  liquid  water  from  32®  to  a  given  temperature ; 
the  increase  of  the  specie  heat  of  liquid  water  with  temperature 
being  taken  into  account;  but  in  most  practical  cases  it  is  suffi- 
ciency accurate  to  use  the  formula 


A  =  772(T-32°). 


.(3.) 


297.   BflcicBcr  It  SCmub-Om  EzpAnding  wlthoat  ChUa  mr  I^ms  of 

Scat. — ^In  fig.  114,  let  A  B  represent  «p  the  volume  occupied  by 

one  pound  of  steam-gas  when 

first  admitted  into  the  cylinder 

of  an   engine  at  the  pressure  ^ 

P]^  ^  O  A.     Let  B  C,  being  an 

''  adiabatic*^  curve  for  steam  gas, 

represent  by  its  co-ordinates  the 

Ml  of  pressure  and  increase  of  33 

Yolmne  of  that  flidd  as  it  ex- 

pands.      Let  D  C  =  ^2  =  r  v^ 

represent  the  volume,  and  O  D     ( 

=  p^  the  pressure,  at  the  end  of 

the  expansion,  which  is  assumed 


Fig.  114. 


not  to  be  carried  so  far  as  to  cause  any  appreciable  liquefaction  of 
the  steam. 

Let  0  F  =  j»3  represent  the  mean  back  pressure.  The  probable 
value  of  this  in  a  proposed  superheated  steam  engine  may  be 
estimated  as  follows : — Let  the  ordinary  back  pressure  in  a  dry 
saturated  steam  engine  working  at  the  same  speed  with  the  same 
latio  of  expansion  be  denoted  by 

^  being  the  pressure  of  condensation,  and  />'  the  additional  pres- 
snre.  Let  r^  be  the  absolute  boUvng  point  corresponding  to  the 
initial  pressure  p^,  and  r\  the  actual  absolute  temperature  of  the 
steam  admitted     Then  the  steam-gas  employed  is  less  dense  than 
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flatoiaied  steam  of  the  same  pressure  in  a  proportioii  widcb  may  be 

expressed  accurately  enough  for  the  present  purpose  by  7^ ;  so  that 

according  to  a  principle  stated  in  Article  280,  the  probable  back 
pressure  in  the  superheated  steam  engine  will  be 


^1 


•a) 


In  most  cases  which  occur  in  practice,  we  may  put  p'  =s  1  Ibu  on 
the  square  inch,  and  p"  =  3  lbs.  on  the  square  inch ,  so  that 


.(1A.J 


P3  =  1  +  3  ->^  in  pounds  on  the  square  inch, 

or  144  +  432  -^  in  pounds  on  the  square  foot 

The  equation  of  the  expansion  curve  BC  may  be  assumed  as 
analogous  to  that  of  the  corresponding  curve  for  air,  viz. : — 


p  oc  r  — y; 


(2.) 


in  which  y  and  other  indices  and  co-efficients  depending  on  it  fijr 
steam-gas  have  the  values  given  them  in  Article  261,  viz. : — 


y  =  l-3;  y— 1=0-3; 

rzTT^^^  y 1  =H^ 


1    r.^n   y  — 

-  =  0-77:  

7  '        7 


=  0-23. 


.(3.) 


Hence,  by  an  inv^biigation  similar  to  that  in  Article  279,  Method 
II.,  18  found  the  followiug  expression  for  the  energy  exerted  on  the 
piston  by  one  pound  of  steam-gas  : — 

Area  ABCEFA  =  U  =  (p,—  p,)rt7i 

=PiMH-H^-^-P^rv, (4.) 

To  facilitate  the  use  of  this  equation,  a  series  of  values  of  the 
two  following  ratios  and  their  reciprocals  are  given  in  Table  X*  at 
the  end  of  this  section : — 


'^=*J-3J  ♦•-*•;• 


.(5.) 
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J=  =  4Jr-*_3Jr-"i (6  a.) 

Pi 

in  which  Table  intermediate  -values  of  any  ratio  can  be  interpolated 
as  in  Taoles  YU.  and  YIIL,  already  explained.  The  following, 
then,  is  the  set  of  formtdflB  to  be  employed  in  computing  approxi- 
mately the  probable  power  and  efficiency  of  superheated  steam 
engines,  according  to  the  provisional  theory  here  adopted : — 

Data. 

Inilial  pressure,  p^. 

Initial  absolute  temperature,  t\  =  T'^  +  46P*2  Fahrenheit 

Ji€aio  o/eapansion,  r. 

Mean  back  pressure,  p^  known  directly  by  experiment,  or 
estimated  by  the  formula  1  a;  the  absolute  boiling  point,  Tj,  being 
found  by  known  formulsB  or  tables. 

A  hsolute  temperature  of  feed  water,  '•4  =  T^  +  46F'2. 

Temperature  of  condensoition,  T5. 

Temperatfu/re  of  atmosphere,  T^ 

Kesults. 

p^  «,  found  fix)m  T^,  by  equation  1  of  Article  296,  or  by  Table 
IX. ;  being  the  gross  energy  exerted  by  the  steam  on  the  piston 
during  its  admission. 

Initial  and  final  volumes  of  one  pound  of  steam — 

^i^Pi'^i-^Pi'y  V2  =  »'^i (^O 

-^,  aikl  — ,  found  by  the  equations  5,  5  A,  or  by  Table  X. 
P\  Pi 

Energy  exerted  per  pound  of  steam;  found  by  equation  4,  or  hj 

the  formula — 

TJ  =  ^-l>it^i— ^I'st'i; (7.) 

Pi 

Mean  effective  pressure — 

P.  =  P.-Pt  =  ^^=^'Pi-P, (8) 

ffeat  expended  per  pound  of  steam,  in  foot-pounds — 

5  =  842872  +  371  (T»  —  32^)  —  772  (T^  —  32^,...(9.) 

or  J  =  H,  — A,; (9  a.) 

H^  and  h^  being  found  by  means  of  Table  IX 

2f 


.(12.) 
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Freamre  epdwdent  to  heat  expended — 

Pu=:^ (10) 

Fffieieney  of  steam — 

&=^«— ^>  =  g (11.) 

Pk  Pk  V 

Net  feed  vxOer  per  cubic  foot  swept  through  by  piston— 

rv^ 

Seat  rejected  per  pound  of  steam — 

Ir-xJ (13.) 

Heat  rejected  per  cMc  foot  swept  through  by  piston — 

^; m 

Net  condensation  uxUer — 

heatr^ected  ,^-. 

-772(T5-Te) ^     ' 

Available  heat  expendedper  indicated  horse-power  per  hour — 

1980000  :| (16.) 

In  the  following  example  (which  is  ideal),  the  engines  are  sap- 
posed  to  be  the  same  with  those  already  employed  as  Example  L 
in  Article  288  a  j  and  the  principal  question  to  be  solved  by  the 
calculation  is,  what  would  he  the  probable  increase  of  efficiency  and 
saving  of  fuel  if  the  steam,  being  admitted  at  the  same  mean 
pressure  of  34  lbs.  on  the  square  inch,  and  cut  off  at  the  same  mean 
effective  fraction  of  its  final  volume,  0*2,  were  superheated  so  as  to 
be  admitted  at  the  temperature  Ti  =  428*^,  inst»Bui  of  its  present 
mean  temperature  of  admission,  which  is  about  257^°. 

Data* 

1/,  =  34X144  =  4896; 

1^4  =  428 +  461-2  =889-3. 


I 
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719 
j)^- 144  +  432  •  gg^  =  493  lbs.  on  the  square  foot, 

(or  3*43  lbs.  on  the  square  inch). 
1^=104. 

Kesults. 
Pi  ©1,  by  Table  IX.,  75976  foot-pounds 

t?i  =  -ToQg-  =  15-52  cubic  feet 

«2 = r  «i  =  5  X  15*52  *  77*6  cubic  feeu 

By  Table  X.—         tl^=2-28;  ^=:  -456. 
Pi  Pi 


Energy  per  pov/nd  ofstean 

V  =  2-28  X  75976  -  493  x  77-6 

=  173225 -  38257  =  134968  foot-pounds. 

Mean  effective  preeewre — 

p^  -P3=  -456  X  4896  -  493  =  1740  lbs.  on  the  square  foot, 

a  12*08  lbs.  on  the  square  inch. 

Heal  expended  per  pofumd  of  steam — 

5  =  989788  -  55612  =  934176. 
Pressure  equivaletU  to  heat  expended — 

Pj^  =s     ^^  r>     =  12038  lbs,  on  the  square  foot, 

=  83*6  lbs.  on  the  square  incL 
Efficiency  of  steam — 

134968  _   1740  _  12*08  _ 
934176  "  12038  "  83*6    "  "'^*  ' 

being  superior  to  the  efficiency  with  dry  saturated  steam,  as  com- 
puted in  Article  289,  Example  I.,  in  the  ratio 
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The  available  heat  expended  per  indicated  horse-power  per  hooi 
would  be 

^^   =  13655000  fooi^pouncb; 

and  supposing,  as  in  some  previous  examples,  the  available  heat  ci 
combustion  of  one  pound  of  the  coal  employed  to  be 

5400000  foot-pounds, 

the  consumption  of  coal  per  indicated  horse-power  per  hour  would 
be 

13655000     ^_,, 

-5400000  =2-^^^^^' 

which,  being  subtracted  from  the  actual  consumption,  2*979  sbows 
a  saving  of  0*44  lb.,  or  about  15  per  cent. 

This  is  less  than  the  saving  which  has  usually  been  found  bj 
experiment  to  result  from  superheating;  the  reason  probably  being, 
that  in  the  preceding  calculation  no  accoimt  is  taken  of  the  in- 
creased efficiency  of  tlie  furnace,  owing  to  the  superheating  apparattu 
taking  up  heat  which  would  otherwise  have  been  wasted 

To  estimate  the  probable  effect  of  this  cause  in  giving  increased 
economy,  let  us  make  the  supposition  (which  appears  to  have  been 
nearly  realized  in  some  cases^  that  the  vjJiole  of  the  superheating  is 
effected  by  heat  which  woula  otherwise  have  been  wasted. 

Fooc-Ibs. 
Then  the  heat  required  to  produce  1  lb.  of  saturated 
steam  at  34  lbs.  on  the  square  inch,  from  water  at 

104**  being. 840,000 

and  the  heat  required  to  produce  1  lb.  of  superheated 
steam  at  428""  Fahrenheit,  from  water  at  104° 
being,  as  computed  before, 934}i7^ 

the  difference, 94>i7^ 

is  te  be  considered,  according  to  the  supposition  made,  as  heat 
saved  by  the  superheating  apparatus;  so  that  the  efficiency  of  the 
furnace  is  increased  in  the  ratio 

934176      ,,,         , 
gjgg^  =  Ml  nearly; 

and  the  available  heat  of  combustion  of  the  coal,  instead  of 
5^400,000,  becomes. 
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5,400,000  X  1-11  =  6,000,000  foot-lbs. 

giving  as  the  probable  consamption  of  ooal  per  indicated  horse- 
power pep  hour, 

13655000 
6000000-"^-     ^^' 

which,  being  subtracted  from 2-97 


shows  a  saving  of. 0*69  lb. 

or  about  23  per  cent  This  agrees  veiy  nearly  with  the  general 
results  of  practice. 

298.    Kfldencr  of  Slenm-Oaa   BspwidliiC  at   ConataM   Tempeni- 

tn«. — If  the  temperature  of  steam-gas  be  maintained  constant 
during  its  expansion,  by  means  of  a  flue  roimd  the  cylinder,  or 
otherwise,  its  action  is  represented  approximately  by  making  the 
curve  B  C,  fig.  114,  a  common  hyperbola,  so  that 


««  -. 

In  this  case,  the  principal  formul»  are  the  following : — 
Energy  exerted  by  lib.  of  steam 

=  areaABCEFA 
=  U  =  0?, -jPa)  ^  ^'i  =  JPi  ^'i  (1  +  ^yP  log  »•)  -  Pa  »•  ^'r  ■  •(!•) 
!:|=  =  l  +  hyplogr; (2.) 

^^HvhyplQgr 

JPi  »•  ^       ' 

A  series  of  values  of  these  ratios,  and  of  their  reciprocals,  is  given 
in  Table  XL  at  the  end  of  this  section. 

The  heat  eaq>ended  per  pound  of  steam  consists  of  the  total  heal  of 
g(u^icaition,from  T^,  the  temperature  of  the  feed  water,  to  T'j,  the 
temperature  of  the  steam-gas,  as  already  computed  in  Articles  296 
and  297,  and  given  by  the  aid  of  Table  DC,  and  of  the  latent  heat 
of  expansion  which  the  steam  receives  to  maintain  its  temperature 
constant  in  the  cylinder,  and  whose  value  is 

ftVihyplogr  =  85'44T^hyplogr  =  jPxrx-^^  -  lj>....(3.) 
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heuoOy  denotmg  the  whole  expenditure  of  heat  per  lb.  of  stem  bj  { 

B  842872  +  371  (Ti  -  32*)  -  772  (T^  -  32^ 
+  85-44  hyp  log  r  (T^  +  461^-2) 

r=  659895  +  1^17,  (3i  +  ^  -772  (T^-32^....(4.) 

To  illustrate  this  mode  of  employing  steam-gas,  let  the  dat 
taken  be  the  same  as  in  the  example  of  Article  297;  that  iai^  let 

«.  =  34x144  =  4896; 

/,  =  889-2  =  428^  +  461-2; 

a  =  493; 

T^=:104°. 

BSBULTS. 

^j  17^  =  75976;  «,  =  15-52;  rt7i  =  77-6;  as  before 

By  Table  XL,        -^-  =  2-61 ;  ^  =  -522. 
Pi  Pi 

Energy  per  lb.  of  steam — 

U  =  2-61  X  75976  -  493  x  77-6 

=  198297  -  38257  =  160040  foot-lbs. 

Mean  effective  pressiMre — 

p^-p^  =  '522  X  4896-493  =  2063  lb&  on  the  square  foot 

=  14*38  lbs.  on  the  square  indb. 

Seat  expendedper  lb,  of  steam — 

i  =  989788  -  55612  +'  75976  x  1-61 
«  934176  +  122321  =  1056497  foot-lba 
Pressure  eqmvaient  to  that  heal — 

Pa=  ■  yy,g     =  13615  lbs.  on  the  square  foot 
:=:  94*5  lbs.  on  the  square  inch. 
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=  0152, 


Ejgiidency  of  Oeam — 

160040  _  2063  _  14-33 
1056497  -  13615  ""  94-5 


being  saperior  to  the  efficiency-  with  diy  aatiuated  steami  in  the 
ratio 

«;l|  =  1-236  :lne.,ly. 

The  available  heat  expended,  per  indicated  horse-poirar  per  hour, 
would  be  in  this  case 

1?^  =  13,000,000  fooWbs. 

If  the  efficiency  of  the  furnace,  as  in  the  second  mode  of  treating 
the  example  in  Article  297,  be  supposed  to  be  such  that  the  avail- 
able heat  of  combustion  of  1  lb  of  coal  is 

6,000,000  foot-lbs., 

the  probable  consumption  of  coal  in  the  engine  now  under  con- 
sideration,  per  indicated  horse-power  per  hour,  is  found  to  be 

13000000  _ 
6000000-^^^^^ 

which  being  subtracted  from  the  \ 
actual  consumption  with  diy  >  2*97 
saturated  steam, j 

shows  a  saving  of. 0*80  lb. 

or  27  per  cent. 

299.  EaeteMnr«fflt««M-CUMwilhII«gMicnBt«p--Sl«M«MniBB«faM. 

— ^The  "regenerative  steam  engine"  of  Mr.  0.  "W.  Siemens,  is  one 
which  so  far  agrees  with  the  description  in  the  last  Article,  that 
superheated  steam  works  expansively  in  it  at  a  temperature  main- 
tained nearly  constant  by  placing  the  cylinder  over  a  furnace;  but 
the  steam  on  its  way  to  and  from  the  space  below  the  plunger  of 
that  cylinder,  traverses  a  '^ regenerator"  nearly  resembling  that  of 
Stirling's  air  engine  ^see  Article  275),  the  effect  of  which  is,  that 
the  whole,  or  nearly  tne  whole,  of  the  heat  employed  to  raise  the 
temperature  of  the  steam  above  the  boiling  point  corresponding  to 
its  pressure,  is  obtained  at  each  stroke  £rom  the  regenerator,  in 
which  that  heat  has  previously  been  stored  by  steam  leaving  the 
hot  end  of  the  cylinder. 
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The  whole  of  the  formtike  of  the  Article  298  are  made  appIicaUe 
to  this  case,  by  simply  taking  for  the  value  of  Hj,  the  total  heal  oj 
evaporation  of  lib.  ofsleamr^  al  the  boiling  point  r^,  oorresponding  to 
its  pressure,  as  given  by  Table  VI  at  the  end  of  the  rolnme, 
instead  of  the  total  heat  of  gasefication  at  the  working  temperatme 
^y  Suppose,  for  example,  that  the  data  are  the  same  as  in  the 
last  Articla  Then  the  total  heat  of  evaporation  of  steam  at  54 
lbs.  on  the  square  inch,  the  feed  water  being  at  104"",  as  computed 

fifom  Table  VI.,  is H,  —  A^  =  840000  foot-IbaL, 

the  latent  heat  of  ezpan- )  /rp.      ,\       ,^^««, 

sion,  as  in  Article  298,.  |^i  *»  [t^-  V  =  ^^^^^^ 

and  the  heat  expended  per  lb.  of  steam  ^ =  962321  foot-lb& 

Also,  the  energy  exerted  by  1  lb.  of  steam,  beinir,  as  in  Article 
298  w  *  ^        o^ 

U  =  160040  fooUba, 
the  efficiencif  of  the  eteam  ie 

160040^ 
^^*=  9-62321  =  ^^^^^ 

consequently,  the  available  heat  expended  per  indicated  hone- 
power  per  hour  is 

10QAAAA 

^!^  =  11,930,000  foot.  Iba  nearly. 

Taking  the  same  estimate  of  the  available  heat  of  combustion  of  1 
lb.  of  coal,  as  in  Article  298,  this  would  give  for  the  consumption 
of  coal  per  indicated  horse-power  per  hour 

11,930,000 
6,000,000  •^^^^'^ 

The  efficiency  of  this  engine  is  capable  of  being  greatly  increased 
by  working  at  a  high  temperatmre ;  for  while  l£e  eneigy  exerted 
by  the  st^im  increases  nearly  as  the  absolute  temperature,  it  is 
only  the  latent  heat  of  expansion  which  increases  in  the  same  pro- 
portion :  the  total  heat  of  evaporation  remaining  constant  if  the 
pressure  is  constant  Mr.  Siemens  states,  that  in  some  of  his 
experiments  with  this  engine,  the  consumption  of  fuel  was  only 
1*5  lb.  per  indicated  horse-power  per  hour. 

The  heating  apparatus  described  at  the  end  of  Article  215, 
mig^  probably  be  applied  to  this  engine  wifli  advantaga 
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IX. 

Table  of  Elasticity  and  Total  Hbat  of  One  Pound  of 

Steam-gas. 

T  pv  R  h 

3^"" 

50 

68 

86 

104 

132 

140 

158 
176 
194 

212 

330 
248 
266 
284 
302 

338 
356 

374 

393 

410 
428 
446 
464 

482 

500 
518 
536 
554 
572 


43140  

43678 

.......  842872 

849550 

0 

13896 

45316 

856228 

27792 

46754 

862906 

41702 

48292 

869584 

55612 

49830 

876262 

69532 

51368 

882940 

83459 

52906 

889618 

97411 

54444 

896296 

I I 1363 

55983 

902974 

"5357 

57520 

909653  

139363 

59058 

916330 

60596 

923008 

62134 

929686 

63672 

936364 

65210 

943043 

66748 

949720 

68286 

956398 

69824 

963076 

71362 

969754 

73900 

976433 

74438 

983110 

75976 

989788 

77514 

996466 

79053 

1003144 

80590 

1009822 

82128 

I 01 6500 

83666 

1023178 

85204 

1029856 

86742 

1036534 

88280 

1043212 

Explanation. 

T,  temperatore  on  Fahrenlieit's  scale. 

p  v,  product  of  the  pressure  in  pounds  on  the  square  footy  and  yolnme 
in  cubic  feet,  of  one  pound  of  steam  in  the  perfectly  gaseous  condition,  or 
*«  steam-nui.'* 

H,  total  heat,  in  foot-pounds  of  energy,  required  to  convert  one  pound 
of  water  at  32^  into  steam-ens  at  T*^,  under  any  constant  pressure. 

A,  heat,  in  foot-pounds  of  energy,  required  to  raise  the  temperature  of 
one  pooDd  of  water  jErom  82''  to  T*. 
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X. 

Table  of  Approximate  Ratios  for  Steam-Gas  woi 
Expansively  in  a  Non-Conductinq  Ctlihder. 


f» 

1 

»•?- 

Pi 

Pi 

Eb 

f 

i"! 

rpm 

Pm 

Pi 

90 

•05 

a-97 

•336 

672 

'Ui 

I3J 

•075 

a -80 

•357 

476 

•2IC 

10 

•I 

a-66 

.376 

376 

'26t 

8 

•125 

a-55 

•393 

3-14 

•3if 

61 

*^5 

a-45 

•409 

2-73 

•36: 

S 

•2 

2-28 

•439 

2 '20 

•4S< 

4 

•35 

2-13 

•469 

1-87 

•53^ 

3* 

•3 

2-01 

•497 

1-66 

■60. 

a* 

•35 

1*90 

•526 

i-So 

•66. 

2l 

•4 

I -80 

•555 

139 

72c 

ai 

•45 

I-7I 

•585 

1-30 

77< 

a 

•5 

1-63 

•615 

1"23 

•8ia 

lT*r 

•55 

1-55 

•646 

1-17 

■851 

I* 

•6 

1-47 

•679 

113 

•884 

It* 

•65 

1-40 

•71a 

1*10 

•913 

If 

•7 

1-34 

•747 

1-07 

•937 

li 

75 

128 

•784 

104 

•957 

li 

•8 

1-22 

■822 

1-03 

■973 

lA 

•85 

I -16 

•863 

1-015 

•985 

I* 

•9 

I-IO 

•906 

i-oi 

•993 

EXPLANATIOV. 

r,  ratio  of  expansioiL 

-,  real  cut-offi 

Pj^  absolute  pressure  of  admissioiL 
p^  mean  absolute  pressure. 

— i-^,  ratio  of  whole  gross  work  of  steam  on  piston  to  gitns  work 

during  admission. 

-^^ ,  ratio  of  gross  work  during  admission  to  whole  gron  woxIl 
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XI. 
Table  of  Approximate  Eatios  for  PERFEcrr  Gases  woRKnra 

EXPAHSIYELT  AT  CoNSTAlTr  TEMPERATURE:  AU30  FOR  NEARLY- 

i>RT  Steam. 


r 

1^ 

& 

iL 

fl 

is. 

r 

Pi 

»PW 

Pm 

Pi 

90 

•05 

4-00 

•350 

5-00 

•aoo 

'3t 

•076 

359 

•379 

37a 

•269 

xo 

•1 

330 

•303 

3-03 

•33* 

8 

•las 

3-08 

•335 

a '60 

•385 

6i 

•16 

3*90 

•345 

3-30 

•43S 

5 

•a 

9-6l 

•383 

1-93 

•533 

4 

•35 

939 

•419 

1-68 

•59<> 

3i 

•3 

a'ao 

•454 

I -61 

•661 

H 

•36 

a-o5 

•488 

1-39 

717 

H 

•4 

1-91 

•533 

1*31 

7«5 

n 

•45 

I -So 

•55« 

1-34 

*8o9 

a 

•5 

I '69 

•591 

118 

•846 

I* 

•55 

I -60 

•626 

114 

•878 

H 

•6 

»-5i 

•662 

I -10 

•906 

lA 

■65 

1-43 

699 

1*07 

•939 

H 

7 

1-36 

737 

1-06 

•950 

H 

•75 

ia9 

777 

104 

•9«5 

H 

•8 

i-aa 

•818 

i-oa 

•978 

<* 

•85 

116 

•8tfo 

I'M 

•989 

H 

•9 

I'll 

•905 

1*01 

•995 

EZPLAKAXIOH. 

r,  ratio  of 

e:q»ii8ioii. 

-,  real  cat-ofil 

jpp  absolute  pressure  of  admissioiL 
p^  mean  absolute  pressure. 


,  ratio  of  whole  gross  work  of  gas  on  piston  to  gross  work 

daring  admission. 
-^t  ratio  of  gross  work  during  admission  to  whole  gross  work. 
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Section  7. — Of  Binary  Vapour  Engines. 

300.  Generml  DcMrlpaos  of  the  BiMirf  Tapmir  EB«i«e. — Thifl 

engine,  the  invention  of  M.  Prospdre- Vincent  du  Trembley,  is 
driven  by  the  combined  action  of  two  different  fluids,  a  lesB  and  a 
more  volatile,  in  two  separate  cylinders.  The  less  volatile  fluid  ia 
evaporated  in  a  boiler,  and  drives  the  piston  of  its  cylinder,  in  the 
usual  way.  On  being  discharged,  it  is  passed  vertically  down- 
wards through  a  set  of  small  tubes,  contained  within  a  cylindrical 
vessel :  the  less  volatile  fluid,  passing  downwards  through  the  tubes, 
is  liquefied,  and  gives  out  its  heat  to  the  more  volatile  fluid,  which 
ascends  in  the  space  surrounding  the  tubes,  and  reaches  the  top  of 
the  vessel  in  the  state  of  vapour.  This  vapour  drives  the  piston 
of  a  second  cylinder,  during  the  return  stroke  of  which  it  is 
expelled  into  a  second  surface  condenser,  consisting  also  of  a 
number  of  small  vertical  tubes;  the  vapour  passes  downwards 
through  these  tubes,  which  are  surrounded  by  a  copious  stream  of 
cold  water;  this  abstracts  heat  from  the  vaix)ur,  and  causes  it  to 
be  condensed,  and  the  liquid  thus  produced  is  pumped  back  into 
the  evaporating  vessel  to  perform  its  work  over  again. 

The  less  volatile  fluid  is  always  water;  for  the  more  volatile, 
SBther  is  usually  employed. 

Full  details  of  the  construction  and  mode  of  working  of  these 
engines  are  given  in  M.  du  Trembley's  work,  entitled,  Manuel  du 
Gondticteuo'  dee  MaiMnee  d  Vapeurs  combinees  ou  Machines  Btnatrts 
(Lyons,  1850-51);  and  accounts  of  their  performance  are  contained 
in  a  report  by  Mr.  Geoi'ge  Rennie,  published  in  1852;  in  a  litho- 
graphed report  by  M.  E.  Gouin,  on  the  experimental  trip  of  the 
ship  "  Br6sil,"  in  1855;  and  in  a  paper  by  Mr.  James  W.  Jamieson, 
read  to  the  Institution  of  Civil  Engineers  in  February,  1859. 

301.  ThMiT  of  the  Slcaiii-«iiid-iEtli«r  Bnglne. — In  fig.  115,  let 
A  B  C  £  F  A  represent  the  diagram  of  the  steam  cyHnder,  and 
K  L  M  P  Q  K  that  of  the  sether  cylinder. 


Fig.  116. 


Let  ^  =  O  A  be  the  absolute  pressure  of  the  steam  at  its  admis- 
sion: 
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f?i  a.  A  B,  the  volume  of  one  lb.  of  it  when  admitted ; 

r  Vj  as  D  C,  the  volume  to  which  it  expands; 

Let  H.  denote  the  available  heat  expended,  in  foot-lba  per  lb.  of 
steam ;  XT  =  area  A  B  C  E  F  A,  the  energy  exerted  on  the  piston 
by  one  lb.  of  steam.  Then  the  heat  rejected  by  each  lb.  of  steam, 
and  given  out  through  the  tubes  to  the  aether,  is  given  by  the 
equation 

H2  =  Hi-U; (1.) 

and  several  examples  of  the  mode  of  computing  this  quantity  of 
heat  have  been  given  in  the  preceding  sections. 

To  find  what  volume  will  be  filled  with  aether  vapour  by  means 
of  this  heat,  in  the  first  place  must  be  computed  the  expenditure  of 
heat  per  cubic  foot  ofcether  vapour,  produced  at  the  pressure  under 
which  the  eether  is  evaporated,  which  is  supposed  to  be  given  and 
represented  by  p\  =  O  K,  and  is  necessarily  a  pressure  correspond- 
ing to  a  boiling  point  lower  than  the  temperature  at  which  the 
steam  is  condensed.     That  expenditure  of  heat  is 

L'  +  Jc'D'(r  -  T"), (2.) 

where  L'  =  *•'  -,—,  is  the  latent  heat  of  evaporation  of  one  cubic 

foot  of  <ether  vapour  under  the  given  pressure,  calculated  by  a 
formula  of  the  kind  given  in  Article  255,  or  by  the  aid  of  Table  Y. ; 
J  c  =  399-1  foot-lbs.  per  degree  of  Fahrenheit,  is  the  specific  heat 
of  liquid  aether;  D'  is  the  weight  of  one  cubic  foot  of  aether  vapour, 
found  by  the  formulae  of  Article  256,  or  by  the  aid  of  Table  V. ;  T' 
is  the  temperature  at  which  the  aether  is  evaporated,  and  T"'  that 
at  which  it  is  condensed,  and  returned  to  the  evaporating  apparatus. 
Then  the  initial  volume,  repi-esented  by  K  L  in  the  figure,  of  the 
aether  evaporated  per  lb.  of  steam  condensed,  is  found  by  means  of 
the  equation 

•^  =  ^^  =  UTTV^'iT^^ry (^-^ 

Let  p*  B  O  N  denote  the  intended  final  pressure  of  the  aether 
vapour,  at  the  end  of  its  expansion,  and  p"'  its  mean  back  pressure, 
which  appears  to  be  about  5  lbs.  on  the  square  inch.  Then  from 
the  data,  p^,  p",  p",  T"',  by  means  of  the  formulae  of  Articles  281 
and  284,  sabstituting  only  the  constants  which  apply  to  aether  for 
those  which  apply  to  steam,  and  using  Table  Y.  instead  of  Table 
IV.,  may  be  computed — 

llie  ratio  of  expansion  r,  and  thence  the  final  volame  M  N  «  f  u 
of  the  aether  evaporated  per  lb.  of  steam; 
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The  energy  exerted  by  that  fBther,  represented  by  the 
K  L  M  Q  K  =  U'. 
The  ratio 

MN^DC  =  /tt'-rt?i (4.) 

is  that  of  the  volume  of  the  ssther  cylinder  to  the  volume  of  the 
steam  cylinder.  In  practice,  those  cylindeis  are  either  of  eqoil 
size,  or  the  lether  cylinder  is  somewhat  the  larger. 

The  heat  per  lb.  of  steam  to  be  abstracted  by  the  cold  water 
which  circulates  in  the  sether  condenser  is  given  by  the  expressioQ 

Hj  -  TJ  -  IT' (5.) 

The  mean  effective  pressures  in  the  steam  cylinder  and  ether 
cylinder  respectively,  are 

TJ  ■*•  r  t?i  and  TJ'  -T-  r' W. (6.) 

The  same  amount  of  additional  energy,  which  is  obtained  by  the 
addition  of  the  sether  engine  to  the  steam  engine,  might  also  he 
obtained  by  continuing  the  ^pansion  of  the  steam  sufficiently  fiir, 
as  represented  by  the  line  C  H  G,  provided  a  sufficiently  low  back 
pressure  could  be  insured;  but  this  might  require  in  some  cases  a 
cylinder  so  large  as  to  be  more  costly  than  the  binary  engine. 

302.  Bzampie  of  Bcmits  of  Expcrimeato. — ^The  following  quan- 
tities are  means,  computed  from  a  long  series  of  experimental  results 
given  in  M.  Gouin's  report,  already  mentioned,  on  the  performanoe 
of  the  steam  and  lether  engines  of  the  ^<  Br^sil:" — 

PBEB8UBE8  IK  LBS.   OH  TBB  SQUABS  IHCII. 

In  boiI«r  or  Back  Ueaa 

evaporator.  prestareg  eflkedre. 

Steam, 43*2  7-6  11-6 

Mther, 31-2  5-3  7-1 

Total  mean  effective  pressure  reduced  to  the  area 
of  <me  piston,  the  areas  and  strokes  of  the  steam 
and  lether  pistons  having  been  in  this  case  the 
some, 187 

It  thus  appears  that  the  proportions  of  the  indicated  power  of 
the  engine  obtained  in  the  steam  and  sether  cylinders  respectively, 
were  as  follows:— Steam,  11'6  -^  18-7  =-62;  »ther,  7*1  -i-  18-7  = 
•38. 

The  gain  of  power,  however,  by  the  addition  of  the  »ther  engine^ 
is  not  quite  so  great  as  this  calculation  shows;  because,  had  the 
steam  cylinder  been  used  alone,  the  back  pressure  would  have  been 
in  all  probability  about  3  lbs.  on  the  square  inch  less;  that  is, 
about  4*6  instead  of  7*6;  so  that  the  mean  effective  preasore  in  the 
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iteam  cylinder  would  have  been  14*6  instead  of  11-6 ;  and  the  pro- 
portion borne  bj  the  power  of  the  steam  engine  alone  to  that  of 
tiie  binary  engine  would  have  been 

14-6  ^  18-7  =  -77,  leaving  1-00  -  -77  =  -23 

o£  the  whole  power  of  the  binary  engine,  as  the  real  gain  due  to  the 
aether  engine. 

The  consumption  of  fuel,  according  to  M.  Gouin's  report^  was 
either  2*8  or  2*44  lbs,  of  coal  per  indicated  horse-power  per  hour, 
according  as  certain  experiments  made  under  peculiarly  adverse 
circumstances  were  included  or  excluded. 

The  binary  engine  is  not  more  economical  than  steam  engines 
designed  with  due  regard  to  economy  of  fuel;  but  by  the  addition 
of  an  aether  engine,  a  wasteful  steam  engine  may  be  converted  into 
an  economical  binary  engina 


Addendum. 

302  a.  BzpiMiTe  Oaa-BngiBc* — In  Lenoir's  gas-engine,  air  and 
coal-gas  in  proper  proportions  are  introduced  into  a  cylinder;  the 
admission  is  cut  off,  and  the  mixture  exploded  by  electricity;  the 
explosion  causes  a  sudden  increase  of  pressure;  the  gaseous  mix- 
ture expands,  driving  the  piston  before  it  till  the  stroke  is  com- 
pleted, and  is  expelled  during  the  return  stroke.  The  cylinder  is 
prevented  from  overheating  by  water  circulating  in  a  coiL  Best 
proportion  of  mixture,  eight  volumes  of  air  to  one  volume  of  coal- 
gas.  Absolute  pressure  immediately  after  explosion,  p^  =  about  5 
atmospheres,  or  10,580  }ba  on  the  square  foot.  Let  the  atmos- 
pheric pressure  be  denoted  by  p^;  then  available  heat  of  explosion, 
per  cubic  foot  of  explosive  mixture,  H.  =  2*5  (jp^  —  Po)  =  21,160 
foot-lbsL,  nearly.  (This  is  about  tkreo-eignths  of  the  totid  heat  of  the 
explosion.) 

Let  r  be  the  ratio  of  expansion,  p^  the  final  absolute  pressure; 

W  the  indicated  work  per  cubic  foot  of  explosive  mixture;  p^  die 
mean  effective  pressure;  then 

7 

P2==Pir  ^nearly; 
W=  2-5  {Pi-p^  -  3-5  (r-  1)^2  +  (*•-!)  {P2-Po)> 
p,  =  W  -i-  r. 

Rate  of  expansion  for  greatest  efficiency,  r^  =  fSjy=  3*16 

nearly;  Hienp^^Po}  ai^d 

Wj  =  2-5  (pi  -!?(>)  -  3-5  (r  -  l)^^. 
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The  preceding  formulee  inclnde  no  dedactions  for  losses  tiutntgi 
increased  back-pressare,  and  through  abstxaction  of  heat,  ftcai 
the  gas  which  is  in  the  act  of  expanding,  by  the  cold-water  coil 
These  losses,  chiefly  from  the  last-mentioned  cause,  are  so  great  a 
to  increase  the  expenditure  of  coal-gas  per  indicated  horse-povn 
per  hour  nearly  four-fold,  its  actual  amount  being  about  14^ 
cubic  feet,  according  to  experiments  by  Treses. 

In  Hugon's  gas-engine  a  small  jet  of  water  in  the  state  of  spn] 
is  injected  into  the  cylinder  by  a  pump  during  each  return  stroke 
This  at  once  diminishes  the  back-pressure,  and  lessens  the  saf^l; 
of  water  required  for  the  cold-water  coiL  The  expenditure  of  coal 
gas  per  indicated  horse-power  per  hour,  according  to  experiment 
by  Tresca,  is  about  85  cubic  feet,  or  about  2^  times  that  given  b 
the  preceding  formulae.  The  explosive  mixture  is  fired  by  bein^ 
put  into  communication  with  a  gas-flame. 

In  Otto  and  Langen's  gas-eogine  there  is  a  very  tall  verticft 
cylinder  containing  a  piston,  whose  rod  is  connected  with  the  fly 
wheel  shaft  by  means  of  ratchet-work,  which  acts  during  th( 
down-stroke  only.     The  explosive  mixture  is  admitted  below  xhi 

Piston,  and  fired  by  being  put  in  communication  with  a  gas-flame, 
'he  piston,  being  free  from  connection  with  the  fly-wheel  ahail 
shoots  up  with  great  speed  until  it  is  bi*ought  to  rest  by  gravitj, 
and  by  the  atmospheric  pressure;  the  burnt  gas  cook  so  rapidlj 
by  the  expansion  as  to  give  out  very  little  heat  to  the  cylinder; 
and  it  falls  at  the  end  of  the  expansion  to  a  pressure  much  belov 
the  atmospheric  pressure.  A  water-jacket  round  the  lower  end  d 
the  cylinder  only  is  found  sufficient  to  prevent  overheating.  The 
down-stroke  is  performed  by  means  of  the  atmospheric  pressure, 
and  of  gravity,  opposed  by  the  back-pressure;  which  during  « 
great  part  of  the  stroke  is  about  ^  atmosphere,  and  towards  thi 
end  rises  to  1  atmosphere  by  compression ;  and  then  the  gas  is  ex- 
pelled. The  explosive  mixture  consists  of  one  volume  of  coal-gau 
and  nine  volumes  of  air;  the  pressure  immediately  after  explosion 
is  from  4  to  6  atmospheres;  the  expenditui'e  of  coal-gas  per  indb 
cated  horse-power  per  hour  is  said  to  be  about  Z5  cubic  feet  (See 
VerhoTidlungm  dea  Vereins  far  Gewerb/Uiss  in  PreuaBen,  1868L) 
(See  page  667.) 

Addendum  to  Article  296,  Page  430. 
Empirical  formula  for  elasticity  of  steam-gas  at  the  tempenture 
corresponding  to  the  pressure  p*  and  volume  v*  of  saturated  steam. 
Let^os=  1  atmosphere;  then 

pv^p'f/  +  1737  (^). 
(From  S/upbuUdmg,  Theoretical  and  Practieal^  patce  260.) 
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CHAPTER  IV. 

OF  FUBNACES  AND  BOILERS. 

Section  I. — OfBoUera  cmd  Furncbcea  in  general. 

303,  Caeneml  Amngemento  of  Fmniaee  and  Boiler. — The  UJSUal 
relative  arrangements  or  positions  of  the  furnace  and  boiler  of  a 
steam  engine  may  be  divided  into  three  principal  classes;  as 
follows : — 

I.  In  the  Esctenuii  Fmmaco  Boiler,  the  fumace  or  fire-chamber  is 
^wholly  outside  of,  and  partly  in  contact  with,  the  water  vessel  or 
"boiler ;  so  that  the  boiler  forms  panrt  of  the  boundary  of  the  fumace 
(generally  the  top).  The  other  boundaries  of  the  fumace  are 
-usually  built  of  fii^brick.  As  to  the  thickness  required  to  prevent 
loss  by  radiation^  see  Article  228.  Examples  of  this  are — ^the  old 
Lay-stack  boiler  and  wagon  boiler,  the  plain  cylindrical  boiler, 
without  internal  flues,  and  some  boilers,  such  as  Gumey's,  Perkins's, 
and  Craddock's,  in  which  the  water  and  steam  ai^e  contained  in 
tubes  surrounded  by  the  flame. 

II.  In  the  iHieraai-FnnMce  Boiler,  the  fire-chamber  is  enclosed 
within  the  boiler.  Examples  of  this  are — ^the  boilers  now  most 
common  in  land  engines,  with  one  or  more  furnaces  contained  in 
horizontal  cylindric&l  internal  flues ;  most  marine  boilers ;  and  all 
locomotive  boilers. 

IIL  The  Befoehed  Furnace  or  Oren  is  a  fire-chamber  built  of 
brick,  in  which  the  combustion  is  completed  before  the  hot  gas 
comes  in  contact  with  any  part  of  the  boiler.  This  has  been 
already  referred  to  in  Artide  230,  page  283. 

304.   The  Prtnclpal  Parte  aad  Appendages  of  a  Famace  are-^ 

L  The  fwmace  proper,  or  fire-box,  being  the  space  where  the 
solid  constituents  of  the  fael,  and  the  whole  or  part  of  its  gaseous 
constituents,  are  burned. 

IL  The  graJts,  being  that  part  of  the  bottom  of  the  fumace 
proper  which  is  composed  of  alternate  bars  and  spaces,  to  support 
the  fuel  and  admit  air. 

IIL  The  hea/rik  is  a  floor  of  fire-brick,  on  which,  instead  of  on 
a  grate,  the  fuel  is  burned  in  some  furnaces. 

IV.  The  deadpUUe,  or  dumb  plaie,  being  that  part  of  the  bottom 
of  the  furnace  proper  which  consists  of  an  iron  plate^  without  ban 
andspooea 

2a 
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Y,  The  motithrpiecef  being  the  passage  through  which  fnel  is 
introduced,  and  sometimes  also  air.  The  bottom  of  the  mouth- 
piece is  a  dead  plate.  In  manj  furnaces  there  is  a  mere  doorway, 
and  no  mouth-piece. 

VI.  The  fire-dooTy  which  closes  the  mouth^piece  or  doorway, 
and  which  may  or  maj  not  have  openings  and  vidves  in  it  to  admit 
air.  Sometimes  the  duty  of  a  fire  door  is  performed  by  a  heap  of 
dross  closing  up  the  mouth-piece. 

YII.  The  fwrruus^friynif  above  and  on  either  side  of  the  fire 
door. 

VllL  The  asJhpU,  being  the  space  below  the  grate  into  which 
the  ashes  fall,  and  through  which,  in  most  cases^  the  greater  part 
of  the  supply  of  air  is  admitted. 

IX.  The  ash-pii  door,  used  in  some  furnaces  to  regulate  the 
admission  of  air  through  the  ash-pit 

X  The  hridgey  being  a  low  vertical  partition  at  one  end  of  the 
furnace  (usually  the  back)  over  which  the  flame  passes  on  its  way 
to  the  flues  or  chimney.  This  is  what  is  meant  when  ''the 
bridge  "  is  spoken  of  without  qualification ;  but  the  word  bridge  is 
also  applied  to  any  low  partition  having  a  passage  for  flame  or  hot 
gas  above  it.  Bridges  are  usually  built  of  fire-brick;  but  they  are 
also  sometimes  made  of  plate  iron,  and  hollow,  so  as  to  contain 
water  within,  and  form  part  of  the  water  space  of  the  boiler — ^they 
are  then  called  ^^vxUer  bridges"  The  top  of  a  water  bridge  ought 
to  slope  or  curve  upwards  towards  the  ends,  to  admit  of  the  rapid 
escape  of  the  bubbles  of  steam  which  form  on  its  internal  surface. 
Sometimes  a  water  bridge  projects  downwards  from  a  part  of  the 
boiler  above  the  furnace,  leaving  a  passage  below  for  flame — it  is 
then  called  a  "  lumging  bridge,''  A  water  bridge  with  passages  for 
flame,  both  above  and  below,  is  called  a  "  mid-feoUher.'' 

XI.  Th&flcms  chamber,  being  the  space  immediately  behind  the 
bridge  in  which  the  combustion  of  the  inflammable  gases  that  pass 
over  the  bridge  is  or  ought  to  be  completed.  It  has  often  a  floor 
of  fire-brick,  called  the  flame  bed;  and  is  sometimes  lined  with 
fire-brick  to  prevent  the  cooling  and  extinction  of  the  flame,  and 
sometimes,  for  the  same  purpose,  filled  with  fire  clay  tiles,  made  of 
a  horse-shoe  form  in  section,  to  admit  of  the  circulation  of  the  gases. 

XIL  Airpaaeages,  of  various  constructions  and  in  various  situa- 
tions, and  with  or  without  valves,  to  admit  air  for  the  combustion 
of  the  fuel,  whether  forced  in  by  atmospheric  pressure  or  by  a 
blowing  machine. 

XIII.  Flues,  being  passages  traversed  by  the  hot  gas  on  its  way 
from  the  fire  to  the  chunney.  These  are  sometimes  external,  being 
in  contact  with  the  outside  of  the  boiler,  and  bounded  extemalij 
by  brickwork;  and  sometimes  internal^  being  contained  within, 
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and  foiming  part  of,  the  boiler.     Internal  flues  of  small  diameter 
are  called  iubea. 

XIV.  Bafflers  or  diffitsers,  being  partitions  so  placed  as  to 
improve  the  convection  of  heat,  by  promoting  the  completeness  of 
the  drcnlation  of  the  particles  of  hot  gas  over  the  heating  surface 
of  the  boiler.  The  various  bridges  a&eady  mentioned  fall  under 
this  head,  and  also  the  spiral  blades  for  boiler  tubes  recently 
introduced  by  Messrs.  Duncan  d^  Gwynne. 

XV.  The  chimney  (see  Article  233),  at  the  foot  of  which  is 
sometimes  a  chamber  called  the  amoke  box,  or  uptake,  in  which  the 
various  flues  terminate. 

XVI.  Blowing  apparcOus,  used  in  order  to  produce  a  draught, 
whether  by  forcing  air  into  the  furnace  by  means  of  a  fan,  or  by 
driving  the  gases  out  of  the  chimney  by  means  of  a  blast  pipe.  See 
Article  233. 

XVIL  Dampers,  being  valves  placed  in  the  chimney,  flues,  tubes, 
or  air  passages,  to  regulate  the  draught  and  rate  of  combustion. 

No  one  furnace  possesses  all  the  parts  and  appendages  above 
enumei'ated ;  for  some  of  them  are  substitutes  for  others,  and  some 
are  only  employed  in  furnaces  of  particular  kinds  (see  page  477). 

305.   The  PriHclpia  Parts  and  Appcii€lag(cs  of  a  Boiler  are-— 

L  The  shell,  or  external  boundary  of  the  boiler,  for  which  the 
usual  material  is  iron,  although  sheet  copper  is  sometimes  em- 
ployed. The  figures  usually  employed  for  the  shells  of  boilers  are, 
the  spherical,  the  cylindrical,  and  the  plane,  and  combinations  of 
those  three  figures.  The  most  common  figure  at  the  present  day  is 
that  of  a  horizontal  cylinder,  with  flat  or  hemispherical  ends.  In 
so^ne  peculiar  boilers,  the  shell  is  a  vertical  cylinder,  or  a  cluster 
of  vertical  tubes  connected  by  means  of  horizontal  tubes  (as  in  Mr. 
Craddock*8  boiler)  ',  or  a  set  of  square  tubes  or  cells  (as  in  Mr. 
J.  M.  Eowan's  boiler) ;  or  a  single  spiral  tube  (as  in  Mr.  Perkins's 
boiler).  Tubes  which  thus  contain  water  internally  are  called 
tvater  tubes,  to  distinguish  them  from  tubes  for  transmitting 
furnace  gas.  In  most  locomotive  boilers,  part  of  the  shell  is  a 
rectangular  box,  containing  within  it  another  rectangular  box, 
which  latter  is  the  fire-box.  The  shells  of  ordinary  marine  boilers 
are  of  irregular  shapes,  adapted  to  the  space  in  the  ship  which  they 
are  to  occupy,  and  approximating  more  or  less  to  rectangulB^ 
figures,  rounded  at  the  comers  and  arched  at  the  top. 

II.  The  steam  chest,  or  dome,  being  a  part  of  the  shell  which 
usually  rises  above  the  level  of  the  rest  of  the  boiler,  so  as  to  provide 
a  space  in  which  the  steam,  before  being  conducted  to  the  engine,  may 
deposit  any  particles  of  spray  that  it  may  have  carried  up  from  the 
water.  It  is  usually  cylindrical,  with  a  hemispherical  or  segmental 
top  ;  bat  its  form  is  often  varied,  especially  in  marine  boilers.     It 
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is  advantageous  that  the  steam  chest  should  be  traversed  or  sur- 
rounded hj  a  flue^  in  oixler  to  dry  or  slightly  superheat  the  steam, 
as  explained  in  Article  295,  page  429. 

III.  The  /wmace  or  fire-box  (in  boilers  with  internal  furnaces) 
is  a  chamber  contained  within  the  boiler^  in  such  a  position  as  to  be 
completely  covered  with  water.  In  ordinaiy  cylindrical  land 
boilers  it  is  usually  cylindrical^  being  at  one  end  of  a  horizontal 
cylindrical  flue :  in  locomotive  boilers  it  is  sometimes  a  vertical 
cylinder^  but  more  frequently  a  rectangular  box.  In  marine  boilen 
it  is  usually  of  a  figure  approaching  to  rectangular,  with  rounded 
comera 

Many  qf  the  parts  mentioned  in  the  last  Article  as  belonging  to 
furnaces,  become,  when  the  furnace  is  internal,  parts  of  the  boiler 
also;  for  example,  the  ash-pit,  in  the  cylindri^  internal  furnace 
of  a  horizontal  cylindrical  boiler,  is  simply  the  space  below  the 
grate  within  the  cylindrical  flue  which  contains  the  furnace: 
Water  bridges  have  already  been  described 

The  principal  biidge  at  the  back  of  an  internal  furnace  is  usually 
of  fire-brick.  Sometimes,  in  order  to  prevent  the  cooling  of  the 
flame  by  contact  with  the  surface  of  a  water  space  before  the  com- 
bustion is  complete,  the  furnace  is  lined  internally  with  a  fire-brick 
arch;  and  sometimes  also  an  internal  flame  chamber  (Article  304, 
Division  XI.)  adjoining  the  furnace  is  lined  in  the  same  manner. 

One  boiler  may  contain  one,  two,  or  more  internal  furnaces. 

lY.  IjUerrudfiuea,  and  internal  tithes,  being  small  internal  flues, 
have  already  been  mentioned  under  head  XIII.  of  Article  304. 

Y.  A  tube-fiate  is  a  plate  which  forms  sometimes  part  of  the 
shell  of  the  boiler,  and  sometimes  one  side  of  an  internal  fire-box, 
flame  chamber,  or  flue,  and  which  is  perforated  with  holes,  into 
which  the  ends  of  a  set  of  tubes  are  fixed.  Each  set  of  tubes 
requires  a  pair  of  tube-plates,  one  for  each  end  of  the  tubes. 

YI.  The  mmirhole  is  a  circular  or  oval  orifice  in  any  convenient 
position  on  the  top  of  the  boiler,  lai^e  enough  to  admit  a  man  to 
the  interior  of  the  boiler  to  cleanse  or  repair  it.  The  entrance  to 
the  man-hole  usually  consists  of  a  short  cylinder  having  a  flange 
surrounding  its  upper  end,  to  which  the  cover  is  bolted,  wben  the 
cover  opens  outwards.  The  bolts  must  be  capable  of  safely  bearing 
the  pressure  of  the  steam  against  the  cover.  Sometimes  the  cover 
opens  inwards,  and  then  it  is  kept  shut  by  the  pressure  of  the 
steam;  but  to  prevent  its  being  dislodged  from  its  seat,  it  is  held 
by  bolts  and  nuts  to  cross  bars  outside  the  man-hole.  The  cover 
should  fit  its  seat  very  accurately. 

YIL  Mud-holes  are  orifices  at  or  near  the  lowest  part  of  a  boiler, 
which  are  opened  occasionally  for  the  discharge  of  sediment 

YIIL  Theyew^o^^ponjrfiw,  by  which  water  is  introduced  into  the 
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boiler  to  supply  the  place  of  that  which  has  been  discharged  in  the 
state  of  steam  or  otherwise,  is  usually  supplied  by  a  pump  worked 
by  the  engine.  In  marine  and  locomotive  engines,  the  rate  at 
which  feed  water  is  supplied  is  regulated  by  a  cock  under  the  con- 
trol of  the  engineer;  the  surplus  water  which  comes  from  the  feed 
pump  being  discharged  through  a  valve  loaded  with  a  pressure 
greater  than  that  in  the  boiler;  but  in  stationary  boilers,  ^here  is 
often  a  self-acting  apparatus  to  regulate  the  feed,  controlled  by  a 
float  which  rises  and  falls  with  the  level  of  the  water  in  the  boiler. 
The  proper  dimensions  of  feed  pumps  will  be  considered  farther  on. 
In  cases  in  which  a  floaJt  within  a  boiler  is  used,  it  ought  to  rise 
and  fall  within  a  casing,  communicating  with  the  rest  of  the  boiler 
through  small  holes  near  the  top  and  bottom  only.  The  water 
within  the  casing  will  preserve  the  same  mean  level  with  that 
throughout  the  rest  of  the  boiler,  but  will  be  free  from  the  agita- 
tion which  is  produced  in  all  other  parts  of  the  boiler  by  the 
disengagement  of  steam.    (As  to  Injectors^  see  page  477.) 

IX.  The  Uow-off  apparatus  consists,  in  fresh  water  boilers, 
simply  of  a  large  cock  at  the  bottom  of  the  boiler,  which  is  opened 
occasionally  to  cleanse  the  boiler  by  emptying  it  completely  of 
sediment  and  muddy  water.  In  many  marine  boilers,  fed  with 
salt  water,  a  similar  cock  is  opened  at  regular  intervals  to  discharge 
brine,  and  so  prevent  salt  from  collecting  in  the  boiler.  Another 
blow-off  cock  is  sometimes  so  placed  as  to  discharge  occasionally 
the  acumy  consisting  of  crystals  of  salt,  which  collects  on  the  surface 
of  the  water :  this  is  called  the  "  aurfa/ie  blow" 

As  a  substitute  for  the  common  blow-off  apparatus,  Messrs. 
Maudslay  introduced  brine  pumps,  which  draw  off  a  fixed  quan- 
tity of  brine  from  the  bottom  of  the  boiler  at  each  stroke  of  the 
engine. 

The  hot  brine,  whether  blown  off  or  pumped  off,  is,  or  ought  to 
be,  passed  through  a  set  of  tubes,  surrounded  by  a  casing  through 
which  the  feed  water  passes  on  its  way  to  the  boUer;  the  currents 
of  the  brine  and  of  the  feed  water  flowing  in  opposite  directions. 
By  means  of  this  apparatus,  called  the  refrigerator ,  the  greater  part 
of  the  heat  which  would  otherwise  be  wasted  with  the  brine  is 
saved  by  being  transferred  to  the  feed  water. 

X.  The  sediment  collector^  used  in  some  marine  boilers,  is  a 
funnel  shaped  like  an  inverted  cone,  and  placed  within  the  boiler 
so  that  its  mouth  is  somewhat  above  the  water  level.  It  communi- 
cates with  the  rest  of  the  boiler  through  triangular  slits  near  its 
upper  edge.  In  the  boiler  generally,  there  is  a  continual  boiling 
up  of  steam,  which  keeps  crystals  of  salt  and  other  solid  particles 
for  a  time  near  the  surface  of  the  water.  Within  the  cone  there 
is  comj^aratively  still  water,  so  that  the  solid  impurities  collect 
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there,  and  sink  down  to  the  bottom,  or  apex  of  the  oone^  irlieiice 
they  are  from  time  to  time  blown  off^  being  first  stirred  up  if 
necessary. 

XI.  The  steam  pipe  conveys  the  steam  from  the  boiler  to  the 
engine.  As  to  its  dimensions  and  resistance,  see  Article  290. 
Besides  the  throttle  valve  or  regulator,  by  which  the  sapplyof 
steam  to  the  engine  is  controlled,  the  steam  pipe  of  eveiy  boiler 
should  be  provided  with  a  perfectly  steam  tight  stop  valve  (being 
usually  a  conical  valve  worked  by  means  of  a  screw)  to  be  shut 
when  the  boiler  is  not  in  use. 

XII.  Safety  valves,  for  letting  the  steam  escape  from  the  boiler 
when  its  pressure  tends  to  rise  too  high,  have  heea  partially  men- 
tioned in  Article  113,  and  will  be  further  considered  in  a  sabse- 
quent  Article.  Every  boiler  should  have  two,  one  being  placed 
beyond  the  control  of  the  engineman. 

XIIL  The  vacuum  valve  is  a  safety  valve  opening  inwards,  to 
admit  air  into  the  boiler,  and  so  to  prevent  it  from  collapsing, 
in  the  event  of  the  steam  within  it  fjEdling  below  the  atmospheric 
pressure. 

XIY.  The  fiisiUe  plug  is  a  piece  of  metal  or  alloy  stopping  an 
aperture  in  some  part  of  the  boiler  which  is  directly  exposed  to  the 
fire,  and  of  such  a  composition  as  to  melt  at  a  temperature  lower 
than  that  at  which  the  pressure  of  the  steam  would  become  dan- 
gerous. As  to  the  melting  points  of  various  metals  and  alloys,  see 
Article  205,  page  235.  Little  confidence  is  now  placed  in  this 
contrivance;  for  it  has  been  known  to  £eu1  completely  in  various 
cases  of  boiler  explosions. 

XY.  The  pressure  gauge  shows  to  the  engineer  the  excess  of  the 
pressure  within  the  boiler  above  that  of  the  atmosphere.  AlS  to 
various  pressure  gauges,  see  Article  107  A.  That  which  is  now 
almost  \miversally  preferred  for  steam  boilers  is  Bourdon's  (see 
pages  111,  112). 

XYI.  The  uxUer  gauge  shows  to  the  engineer  the  level  of  the 
water  in  the  boiler;  and  especially,  whether  it  stands  high  enough 
to  cover  all  those  parts  of  the  boiler  which  are  directly  exposed  to 
the  fire.  The  old  form  of  water  gauge  consists  of  tlu^e  cocks  at 
difierent  levels;  one  at  the  proper  level  of  the  water,  another  a 
few  inches  above  that  level,  and  a  thii-d  a  few  inches  below.  By 
opening  these  the  engineer  can  ascertain  the  level  of  the  watar 
approximately.  The  new  form  which  is  most  frequently  used, 
consists  of  a  strong  vertical  glass  tube,  communicating  with  tbe 
boiler  above  and  below  the  proper  water  level  through  cocks, 
which  can  be  shut  if  the  tube  is  accidentally  broken.  The  level  of 
the  water. is  visible  in  this  tube.  Every  boiler  ought  to  be  pro- 
vided with  &o^  forms  of  water  gauge,  the  cocks  and  the  glass  tube ; 
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BO  that  if  the  tuhe  should  be  choked  or  broken,  the  cocks  maj  be 
employed.  There  are  other  forms  of  water  gauge,  in  which  a  float 
acts  upon  an  index;  but  thej  are  less  used  tiban  the  two  forms 
before  mentioned 

In  the  eether  evaporator  of  M .  du  Trembley's  binary  engine^ 
^where  a  glass  tube  would  be  dangerous,  an  iron  float  on  the  surface 
of  the  aether  rises  and  falls  in  a  vertical  brass  tube,  and  its  position 
is  indicated  by  a  magnetic  needle  outside. 

XVII.  A  steam  whistle  may  be  used,  as  in  locomotives,  merely 
to  make  signals;  but  it  may  also  be  acted  upon  1^  a  pressure  gauge, 
or  by  a  float,  so  as  to  give  warning  of  the  pressure  rising  too  high, 
or  the  water  level  falling  too  low. 

XYIIL  A  damper  is  sometimes  so  acted  upon  by  a  pressure 
gauge  as  to  regulate  the  draught  of  the  furnace,  and  prevent  any 
great  deviation  of  the  pressure  from  a  given  intensity.  This  is 
accomplished  in  Watt's  low  pressure  stationary  boilers,  by  having 
a  pressure  gauge  consisting  of  a  vertical  column  of  water  contained 
in  a  tube  which  is  open  at  the  top,  and  plunges  into  the  water 
within  the  boiler  at  the  bottom ;  while  a  float  on  the  surface  of 
that  water  column  opens  the  damper  when  falling,  and  closes  it 
when  rising. 

XIX.  Stays  are  bars,  rods,  bolts,  and  gussets  for  strengthening 
the  boiler,  which  have  already  been  mentioned  in  Article  66,  and 
will  be  further  referred  to  in  a  subsequent  Article. 

XX.  Clothing  for  the  outer  surface  of  a  boiler,  to  prevent  waste 
of  heat,  is  made  sometimes  of  a  layer  of  coarse  felt,  covered  with  a 
layer  of  thin  wooden'  boards,  and  sometimes  of  a  casing  of  brick- 
work. The  tops  of  land  boilers,  resting  on  brickwork,  are  sometimes 
buried  under  a  layer  of  ashes;  but  this  method  is  objectionable,  as 
the  moisture  which  collects  amongst  the  ashes  tends  to  corrode  the 
boiler  shelL    (See  page  554.) 

The  principd  parts  and  appendages  of  engines  and  boilers  having 
been  enumerated  and  described  generally,  those  which  require  it 
will  now  be  treated  of  in  a  more  detailed  manner. 

306.  Gtmte. — The  area  of  the  grate  is  regulated  by  the  weight  of 
fuel  which  is  to  be  bmut  upon  it  in  an  hour,  and  by  the  rate  of 
combustion  per  square  foot  of  grate,  as  to  which,  see  Article  232. 
To  the  list  of  different  rates  which  occur  in  practice,  as  given  in 
that  Article,  at  page  285,  may  now  be  added  ^e  following,  which 
comes  between  Nos.  1  and  2  of  that  list : — 

Lbs.  per  sqvuun 
foot  per  hour* 
1  A.  Bate  of  combustion  in  the  furnace  of  Craddock's  )  /»  .     -.a 
boUer, : I  6  to  10 

As  has  been  already  more  fullj  explained  in  Chapter  IL,  the 
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eoonomj  of  fdel  depends  very  mach  on  the  prop»  adjiutment  of 
the  rate  of  combustion  per  square  foot  of  gnte  to  the  draught  of 
the  fumaceu  A  certain  rate  of  combnstiony  vhich  may  be  foond 
by  practical  trials,  is  the  best  suited  to  insore  perfect  oombustion 
in  a  given  furnace;  and  this  fixes  the  best  area  of  grate:  if  the 
grate  is  made  smaller,  the  combustion  becomes  imperfect :  if  burger, 
too  much  air  enters,  and  heat  is  wasted  in  warming  il  It  is  best, 
in  practice,  to  make  the  grate-area  at  first  rather  too  lai*ge,  and 
then  to  contract  it  by  means  of  fire-bricks,  until  the  smallest  area 
is  obtained  upon  which  the  required  quantity  of  coal  can  be  burned 
without  incomplete  combustion. 

When  air  is  admitted  above  the  fuel  to  bum  the  coal  gas,  a 
smaller  area  of  grate  is  required  to  bum  a  given  quantity  of  fuel 
per  hour,  than  when  the  whole  supply  of  air  has  to  pass  through 
the  grate.  For  an  example  of  this,  see  the  Table  in  Article  232, 
page  285,  Nos.  5  and  6. 

The  lengtJh  of  a  grate  should  not  much  exceed  6  feet,  in  order 
that  the  fireman  may  easily  throw  coals  to  the  back  of  it.  It  may 
be  as  much  less  than  6  feet  as  the  dimensions  and  figure  of  the 
boiler  require.  The  hreadUis  of  grates  range  from  about  15  inches 
to  4  feet;  the  most  convenient  breadths  for  firing  being  from  18 
inches  to  2  feet,  or  thereabouts.  The  grates  of  stationary  and 
marine  boilers  are  usually  long  and  narrow;  those  of  locomotive 
boilers  are  usually  almost  square,  and  sometimes  round 

To  facilitate  the  even  spreading  of  the  fuel,  the  surfeu^  of  an 
oblong  grate  is  in  general  made  to  dope  downwards  from  the  furnace 
mouth  to  the  bridge  at  the  rate  of  about  one  in  six.  Its  dear 
height  above  the  floor  of  the  ash-pit  should  be  at  least  2^  feet  in 
front. 

A  locomotive  grate  is  usually  level;  and  the  place  of  an  ash-pit 
is  supplied  by  a  rectangular  wrought  iron  pan  about  10  inches 
deep,  which  is  open  at  the  front,  to  catch  the  air  as  the  engine 
rushes  through  it,  and  can  be  removed  when  required. 

A  grate  consists  of  Jire-bars,  and  of  cross  hecvrers  by  which  they 
are  supported.  The  fire-bars  are  made  in  lengths  of  from  2  to  3 
feet  They  are  from  |  inch  to  |  inch  broad  on  the  top,  and  are 
often  made  to  diminish  to  about  half  that  thickness  at  the  lower 
edge,  in  order  to  admit  of  the  free  entrance  of  air  and  escape  of 
ashes.  Their  ordiaaiy  depth  is  about  3  inche&  The  breadth  of 
the  clear  space  between  two  bars  is  from  one-half  to  two- thirds  of 
the  greatest  breadth  of  a  bar.  At  each  side  of  each  end  of  a  bar 
thei'e  are  snugs  or  projections,  by  which  the  breadth  of  the  bar  at 
its  ends  is  increased  so  as  to  be  equal  to  the  distance  from  centre 
to  centre  of  the  bars.  When  the  bars  are  laid  npon  the  cross 
bearers  with  the  snugs  touching  each  other,  the  proper  spaces  aiv 
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lefl  between  their  intermediate  part&  Fire-bars  are  often  cast  in 
piirs,  so  that  two  bars  with  the  proper  space  between  them  form  one 
piece.  This  saves  time  in  removing  and  replacing  them  when  the 
grate  reiquires  repairs.     (As  to  burning  mineral  oil,  see  page  477.) 

307.  Xmrka^  Gwmtmm, — Reference  has  been  made  in  Article  230, 
page  283,  to  contrivances  for  supplying  fuel  to  furnaces  gradually 
and  equably  by  mechanism,  in  order  to  insure  complete  combustion. 
Some  of  these  inventions  involve  the  use  of  moving  grates.  The 
revolving  grate  is  circular  and  horizontal,  and  turns  slowly  about 
its  centre.  The  fuel  is  dropped  upon  it  by  d^rees  through  a  fixed 
opening;  and  thus  every  part  of  it  is  at  all  times  equally  covered. 
Jitckee*8  grcUe  consists  of  an  endless  web  of  very  short  fire-bars, 
moving  on  horizontal  rollers,  travelling  from  the  furnace  mouth  to 
the  bridge,  and  returning  through  the  ash-pit.  The  portion  of  the 
web  which  at  any  time  is  uppermost,  is  supported  on  small  wheels 
with  which  the  bars  are  provided,  and  which  rest  on  rails.  Some- 
times the  fire-bars,  by  means  of  cams,  are  made  to  have  a  short 
reciprocating  motion  up  and  down,  and  from  side  to  side,  in  order 
to  keep  them  dear  of  clinkers. 

308.  Hdght  of  FHraace. — ^The  clear  height  of  the  "crown'*  or 
roof  of  the  furnace  above  the  grate  bars  is  seldom  less  than  about 
18  inches,  and  often  considerably  more.  In  the  fire-boxes  of  loco- 
motives it  is  on  an  average  about  4  feet 

The  height  of  eighteen  inches  is  suitable  where  the  crown  of  the 
furnace  is  a  brick  arch,  as  in  Mr.  C.  T.  Dunlop's  detached  furnaces, 
formerly  referred  to.  Where  the  crown  of  the  furnace,  on  the 
other  hand,  forms  part  of  the  heating  surface  of  the  boiler,  a  greater 
height  is  desirable  in  every  case  in  which  it  can  be  obtained;  for 
the  temperature  of  the  boiler  plates,  being  much  lower  than  that  of 
the  flame,  tends  to  check  the  combustion  of  the  inflammable  gases 
which  rise  from  the  fuel.  As  a  general  principle,  a  high  furnace  ia 
favourable  to  complete  combustion. 

The  height  of  the  furnace  is  limited  in  practice,  sometimes  by 
the  necessity  for  having  flues  or  tubes  traversing  the  water  above 
it;  and  always  by  the  necessity  for  having  a  sufficient  depth  of 
water  above  the  crown;  that  is  to  say,  about  12  or  15  inches  in 
marine  boilers,  5  or  6  inches  in  locomotive  boilers,  and  10  or  12 
inches  in  land  boilers. 

309.  Hearth  for  BarniBc  W4m — According  to  M.  Peclet,  the 
best  furnace  for  burning  wood  under  a  steam  boiler  consists  of  a 
hearth  of  fire-brick,  with  a  sort  of  hopper  or  feeding  passage  in  firont, 
of  the  full  width  of  the  hearth,  made  of  cast  iron.  The  wood,  cut 
into  billets  whose  length  is  a  little  less  than  the  width  of  the 
hearth,  is  placed  crosswise  in  the  hopper,  and  descends  gradually 
either  by  its  weight  alonci  or  by  its  weight  aided  by  the  pressure  of 
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the  feet  of  the  stoker.  As  it  reaches  the  hearth  billet  by  laUrt,  i 
takes  fire,  and  is  completely  consumed.  The  hearth  has  a  aligh 
slope  forwards,  towards  the  bottom  of  the  hopper.  The  vholi 
supply  of  air  for  the  combustion  of  the  wood  passes  down  thioo^ 
the  hopper  amongst  the  unoonsumed  billets  of  wood.  The  ashes  an 
swept  away  by  the  draught. 

310.  l>ead  PkU»— jIlMtkplMe— Fire  l»Mr— Fanace  Fmm— Ask 

pit  i>«or. — ^The  use  of  the  dead  plate  has  been  stated  in  Ardd 
230,  page  282.  In  some  of  Watt*s  furnaces,  it  was  nearly  as  looj 
as  the  grate;  but  a  length  of  about  20  inches  has  beea  found  t 
answer  well  in  some  recent  practical  examples.  When  the  dea 
plate  forms  the  bottom  of  a  cast  iron  mouthpiece,  it  is  useful  t 
make  the  roof  of  that  mouthpiece  slope  downwards  towards  th 
furnace  at  the  rate  of  one  in  six,  or  thereabouts.  This  has  th 
efiect  of  directing  any  current  of  air  which  may  enter  through  th 
mouthpiece  downwards  upon  the  surfieuse  of  the  burning  fuel,  so  a 
at  once  to  promote  rapid  combustion  of  the  coal  gas,  and  to  preveo 
that  current  from  striking  the  crown  of  the  fire-box,  which,  whei 
that  crown  is  part  of  iiie  boiler-surface,  tends  both  to  lower  it 
temperature,  and  to  oxidate  the  plates.  In  some  furnaces  the  side 
and  top  of  lie  mouthpiece  are  made  thick  enough  to  be  traverse* 
by  a  row  of  longitudinal  holes,  each  ^  inch  in  diameter.  Thesi 
holes  admit  small  currents  of  air,  which  have  some  effect  in  bain 
ing  the  coal  gas,  but  whose  principal  use  is  at  once  to  keep  th 
mouthpiece  cool,  and  to  carry  back  to  the  furnace  the  heat  whicl 
would  otherwise  be  lost  by  conduction  through  the  metal  of  the 
mouthpiece. 

In  some  furnaces  the  dead  plate  is  double,  and  a  current  of  air  u 
admitted  through  the  passage. 

As  to  contrivances  for  preventing  waste  of  heat  through  the  fire- 
door  and  furnace-front,  and  for  admitting  air  through  them  to  buni 
the  coal  gas,  and  regulating  the  admission  of  that  air,  and  of  the 
air  which  enters  through  the  ash-pit,  see  Article  228,  page  279, 
and  Article  230,  pages  282,  283.  To  what  has  been  stated  there, 
it  may  be  added,  tibat  doors  consisting  of  several  layers  of  wire 
gauze  have  lately  been  used  for  these  purposes,  and  it  is  said  with 
good  effect;  and  also,  that  a  heap  of  dross,  slack,  or  sawdust  (where 
those  substances  are  burned),  blocking  up  the  mouthpiece,  which 
is  without  a  door,  has  been  found  to  answer  the  same  end  extremely 
well  in  stationary  boilers  at  St.  Rollox  chemical  works.  The  heap 
so  placed  intercepts  the  radiant  heat,  and  admits  through  its 
interstices  enough  of  air  to  carry  the  sensible  part  of  that  heat 
back  into  the  furnace,  and  to  bum  the  gases  distilled  from  the 
fresh  fuel  When  the  fireman  considers  that  the  heap  is  sufficiently 
coked  or  charred,  he  pushes  it  forward  and  spreads  it  uniformlT 
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over  the  grate,  and  Empplies  its  place  by  blocking  the  mouthpiece 
ag&in  with  a  heap  of  freak  fuel 

311.  Air  PMMng«  Bi^wj^g  Ayywif  Cfciiwy. — The  means 
of  producing  a  current  of  air  through  a  furnace,  and  the  prindplea 
of  the  action  of  those  means,  and  their  peculiar  effects,  have  alre^y 
(^w^ith  the  exception  of  the  blast  pipe)  been  consideied  in  Articles 
230,  231,  232,  233,  and  234.  It  may  now  be  added,  that  care 
should  be  taken  not  to  direct  streams  of  fresh  air  against  the  plates 
or  other  metal  sur&ces  of  the  boiler;  because  if  so  directed,  they 
produce  rapid  oxidation. 

The  blast  pipe  will  be  treated  of  in  greater  detail  amongst  some 
special  subjects  relating  to  locomotive  boilers. 

312.  scMMflth  aad  conatnicUoM  of  Briton. — ^The  principles  upon 
'which  the  strength  of  boilers  depends  have  already  been  stated  in 
Section  8  of  the  Introduction,  Articles  59,  60,  61,  62,  63,  66,  67, 
68,  69,  and  73. 

The  only  figures  for  the  shdU  of  boilers  which  are  safe  against 
bursting  by  internal  pressure,  without  the  aid  of  stays,  are  the 
cylinder  and  the  sphere,  as  to  which  see  Articles  62,  63. 

Portions  of  boiler-sheUs  which  are  flat,  or  which  otherwise 
deviate  from  the  cylindrical  and  spherical  figures,  are  strengthened 
by  means  of  stays,  as  to  which  see  Article  66.  To  the  information 
there  given,  it  may  be  added,  that  the  usual  pitch  or  distance  apart 
of  the  stays  of  locomotive  fire-boxes  is  about  4^  or  5  inches,  and  of 
marine  and  stationary  boilers  12  to  18  inches.  According  to  Mr. 
Bourne,  the  staying  of  existing  marine  boilers  is  seldom  sv^dently 
strong;  and  the  iron  of  the  stays  ought  not  to  be  exposed  to  a 
greater  working  tension  than  3,000  lbs.  on  the  square  inch,  in 
order  to  provide  against  their  being  weakened  by  coirosion.  This 
amounts  to  TmLTrmg  the  /actor  of  safety  for  the  working  pressure 
about  20. 

If  any  part  of  the  surface  of  a  boiler  cannot  be  efficiently  stayed  by 
rods  reaching  across  to  the  opposite  part,  it  may  be  fastened  by  bolts 
or  rivets  to  a  series  of  ribs  crossing  it,  care  being  taken  that  the  ends 
of  those  ribs  have  sufficient  support  For  example,  the  fiat  crown 
of  a  locomotive  fire-box  is  hung  by  bolts  from  a  series  of  parallel 
ribs,  which  cross  it  at  distances  of  from  4^  to  5  inches  from  centro 
to  centro,  and  whose  ends  aro  supported  on  the  front  and  back  of 
the  fire-box. 

It  has  been  found  by  experience  that  a  thickness  of  about  f  of  an 
inch  is  the  most  fiivourable  to  sound  rivetting  and  caulHng  of 
boiler-plates;  and  therefore  they  aro  seldom  made  much  thicker  or 
much  thinner  than  that  thickness.  If  a  cylindrical  boiler  is 
required  to  withstand  a  very  high  pressure,  the  necessary  increaae 
of  strength  must  be  attained,  not  by  increasing  the  thickness  of  the 
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plates,  bat  by  diminishing  the  diameter  of  the  shdL     The  i 
boilers  are  those  which  are  entirely  composed  of  tubes  and  i 
cylinders,  with  the  water  and  steam  insida 

Mr.  Fairbaim*s  experiments  have  shown  (as  stated  in  Artu^  66 
that  the  stay-bolts  of  looomotiye  fire-boxes  idionld  have  their  dmia 
ten  equal  to  double  the  thickness  of  the  plates,  if  these  are  of  iroi 
so  that  for  f  incb  iron  plates  the  stay-bolts  should  be  f  inch  i 
diameter.  According  to  the  principles  laid  down  by  Mr.  Bourn 
the  &ctor  of  safety  for  the  stays  of  marine  boilers  should  be  abosi 
three  times  the  hctoT  of  safety  for  those  of  locomotive  boiler 
hence  for  plates  of  f  inch  thick  or  thereabouts,  the  stays  of  marii 
boilers,  if  round,  should  be  about  1^  incb  in  diameter. 

The  flat  ends  of  cylindrical  boilers  are  made  about  onoe  ai 
a-half  the  thickness  of  the  cylindrical  barrels,  and  are  tied  to  ea( 
other  by  longitudinal  stays,  or  to  the  sides  of  the  boiler  by  gussets  (» 
Art  66.)  A  pair  of  tube-plates  are  tied  together  in  the  same  mm 
ner;  and  it  is  safer  to  rely  altogether  on  stay-rods,  to  prevent  the; 
&om  being  forced  asunder,  than  to  leave  any  part  of  the  tensio 
to  be  borne  by  the  tubes. 

Tubes  for  the  passage  of  flame  and  hot  gas  are  made  of  brass  c 
of  iron,  and  are  fifom  l|  to  2  inches  in  diameter  for  locomotives,  sd 
from  2  to  4  inches  in  diameter  for  marine  boilers.  They  are  ^ib 
tight  in  the  holes  in  the  tube-plates,  either  by  driving  ferules  int 
their  ends,  or  by  rivetting  up  ^e  edges  of  the  ends  themselves,  s 
as  to  make  them  fit  countersunk  grooves  which  surround  the  hok 
on  the  outside  of  each  tube-plate. 

The  principles  of  the  strength  of  cylindrical  internal  flues  hsT 
been  explained  in  Article  67. 

The  flat  ends  of  cylindrical  boilers  are  veiy  commonly  oonnecte 
with  tbe  barrels  and  flues  by  means  of  rings  of  angle  iron;  but  sac 
rings  are  Uable  to  split  at  the  angle;  and  therefore  it  is  oonsidere 
preferable  to  make  the  connection  by  bending  the  edges  of  ih 
endmost  plates  of  the  barrel  and  flues.  A  flat  end  to  a  cylindrica 
shell,  or  a  flat  top  to  a  cylindrical  steam  chest,  connected  by  meaji 
of  an  angle  iron  ring  alone,  without  stay-bars  or  gussets,  is  danger 
ous  at  high  pressures,  even  when  of  small  diameter ;  as  the  angle  iroi 
ring,  although  it  may  last  for  a  time  and  be  apparently  safe,  is  almosi 
certain  to  split  at  the  angle  in  the  end. 

The  shells  of  stationary  and  locomotive  boilers  are  usually  single 
rivetted — those  of  maiine  boilers  usually  double-rivetted — ^that  is, 
the  rivets  form  a  zig-zag  line  at  each  joint.  Horizontal  overlapped 
joints  should  have  the  overlapping  edges  facing  upwards  on  the  side 
next  the  water,  that  they  may  not  intercept  bubbles  of  steam  on 
theip  way  upwards.  The  joints  in  horizontal  flues  should  be  so 
placed  that  the  overlapping  edges  shall  not  oppose  the  current  of  ga& 
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Those  parts  of  boilers  wbicli  are  exposed  to  more  severe  or  more 
jrr^ular  strains  than  the  rest^  or  to  a  more  intense  heat,  should  be 
Skade  of  the  finest  iron,  such  as  Bowling  or  Lowmoor.  This 
IppHes  to  the  sides  and  crowns  of  internal  furnaces,  to  tube-plates, 
fco  Dent  plates  at  the  ends  of  cylindrical  shells,  <fec.  (See  page  562.) 

313.     M«Atl«s    Bmrlkce— l>iflieniloM    wmd   Coane    •€  Flac«t — ^In 

Ajrticle  234,  Division  lY.,  there  have  already  been  given  several 
examples  of  the  proportions  usually  borne  by  the  area  of  heating- 
Borfaoe  to  the  area  of  the  grate,  and  to  the  number  of  pounds 
of  fuel  burnt  in  an  hour;  and  in  that  Article,  and  the  previous 
Articles  219,  220,  and  221,  have  been  explained  the  principles 
on  which  the  efficiency  of  that  heating-surface  depends.  The  object 
of  the  use  of  tubes  is  to  obtain  a  large  heating-surface  within  a 
moderate  space;  and  this  was  the  nature  of  the  improvement  intro* 
duced  by  Booth  and  Stephenson  into  the  construction  of  the 
heating-surface  of  locomotive  boiler&  The  construction  which 
insures  the  greatest  known  heating-sur&ce  relatively  to  the  fuel 
consumed,  is  that  in  which  the  boiler  consists  mainly  of  a  sort  of 
cage  of  vertical  water-tubes  enclosing  the  furnace,  as  in  Mr.  Orad- 
dock's  boiler,  where  there  are  from  six  to  ten  square  feet  of  heat- 
ing-surface for  each  pound  of  coal  burned  per  hour;  and  the  efficiency 
is  accordingly  greater  than  that  of  any  other  boiler  which  has  yet 
been  brought  into  continuous  practical  operation  on  the  large  scale. 
(See  Article  234,  Example  IX.,  page  297.)    ' 

Similar  proportions  of  heating-surface  to  fuel  consumed  may  be 
obtained  by  means  of  square  water-tubes  or  ceUs,  each  containing 
four  hot  gas  tubes,  as  in  Mr.  J.  M.  Bowan*s  boiler. 

The  eectional  area  of  the  flues  of  a  boiler  must  not  be  made  too 
large,  lest  it  should  make  the  boiler  too  bulky,  nor  too  small,  lest 
it  should  cause  too  much  resistance  to  the  draught.  Experience 
has  shown,  that  a  sectional  area  of  from  (meflfih  to  (yn^severUh  of 
the  area  of  the  grate  answers  well  in  practice.  Where  there  is  a 
bridge  contracting  the  entrance  to  the  flue,  this  applies  to  the  area 
of  the  passages  left  by  the  bridge.  In  multitubular  boilers,  the 
area  to  be  considered  is  the  joirU  anrea  of  the  whole  set  of  tubes, 
which,  when  there  are  ferules  at  their  ends,  is  to  be  measured  ivithin 
thefertdes. 

The  course  taken  by  the  current  of  hot  gas  through  the  flues  and 
tubes  of  a  boiler  is  most  commonly  from  below  upwards  on  the 
whole,  even  when  most  of  those  passages  are  horizontal  It  was 
first  diown  by  Fedet,  and  is  now  generally  recognized,  that  a 
great  advantage  in  point  of  thorough  convection  of  heat,  and  con- 
sequently in  economy  of  fuel,  is  gained  by  causing  the  course  of  the 
hot  gas  to  be  on  the  whole  from  above  doumwards;  because  then 
the  hottest  strata  of  the  furnace  gas,  being  uppermost,  spread  them- 
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selves  out  above  the  denser  and  colder  strata  which  are  below,  anJ 
80  difiiise  themselves  more  uniformly  throughout  all  the  paaaagf^ 
than  they  do  when  made  to  ascend  from  below.  This  principle 
was  practically  applied  in  the  Earl  of  Dundonald's  boiler — as  to 
which  see  Article  234,  Example  X.,  page  298,  also  Article  334,  pao? 
476. 

314.  T«l«l  and  KflTecUTe  m«Mmg  BmHhe^ — ^The  lower  hozisosilal 

or  nearly  horizontal  surfaces  of  internal  flues  and  tubes,  owing  to 
the  difficulty  with  which  bubbles  of  steam  escape  from  them,  ai« 
found  to  be  much  less  effective  in  producing  steam  than  the  latenl 
and  upper  suifacea  It  is  therefore  common  amongst  engineers  to 
distinguish  between  the  total  heating  sur£su)e  of  a  boiler  and  the 
effective  heating  surface,  from  which  latter  the  bottoms  of  intenud 
flues,  and  one-fourth  of  the  surface  of  each  cylindrical  horixontad 
tube  are  excluded.  On  an  average,  the  effective  heating  sur&oe  is 
from  i  to  ^  of  the  total  heating  surface. 

In  all  the  calculations  of  Article  234,  it  is  the  total  headn^suT' 
face  which  is  considered. 

315.  WacMr^Room  nud  Btcam-Boom  are  the  names  given  to  the 
volumes  of  water  and  steam  respectively  contained  in  the  boiler 
when  the  surface  of  the  water  is  at  its  proper  mean  leveL  Authod- 
ties  differ  as  to  the  relative  proportions  of  water-room  and  steam- 
room  adopted  in  the  practice  of  the  most  skilful  engineerai 
According  to  Mr.  Bourne,  of  the  whole  boiler-room,  or  internal 
oapacily  of  the  boiler,  there  are  very  ne&rly 

f  water-room,  and  ^  steam-room. 

According  to  Mr.  Robert  Armstrong,  there  are 

^  water-room  and  ^  steam-room; 

and  that  author  considers  that,  with  a  less  proportion  of  steam-room^ 
bhere  is  risk  of  priming,  or  carrying  over  liquid  water  from  the 
boiler  to  the  cylinder. 

A  cylindrical  boiler  is  usually  filled  with  water  to  three-fourths 
of  its  depth  or  thereabouts. 

The  practice  with  regard  to  the  absolute  capacity  of  boilers  varies 
very  muck  According  to  Mr.  Bobert  Armstrong,  that  capacity 
ought  to  bo— 

For  each  cubic  foot  ofvxxter  evaporated  per  hour, 

Steam-room, 13i  cubic  feet. 

Water-room, 13j        „ 


Total  boiler-room^ 27 


n 
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The  nninber  of  cubic  feet  of  water  to  be  effectively  «vaporated 
ier  hoar  in  a  given  engine,  per  indicated  horse-power,  is  given  by 
•he  formula^ 

1980000, 
62^TJ  ' ^'> 

inhere  U  is  the  work  of  one  lb.  of  steam,  found  by  the  methods  of 
Chapter  III.,  Sections  5  and  6. 

A  useful  mode  of  comparing  the  capacities  of  different  boilers 
is  to  divide  the  boiler-room,  in  cubic  feet,  by  the  area  of  heating- 
surface,  in  square  feet.  Thus  is  obtained  a  sort  of  mean  deipih  in 
feet,  analogous  to  the  hydraulic  mean  depth  of  a  pipe.  Of  the  fol- 
lowing examples,  the  first  three  are  given  on  the  authority  of  Mr. 
Fairbaim's  "  Useful  Information  for  Engineers ;" — 

"Mean  depth.** 
Feet 
Plain  cylindrical  egg-ended  boiler,  with  external 
flues  below  and  at  each  side,  but  no  iuDemal 

flues, 3-50 

Cylindrical  boiler  with  external  flues,  and  one 

cylindrical  internal  flue, 1-65 

Cylindrical  boiler  with  external  flues,  and  two 

cylindrical  internal  flues, i-oo 

Stationary  boilers  according  to  Mr.  Robert  Arm- 
strong's rules, 3-00 

Multitubular  marine  boilers,  about 0*50 

Locomotive  boilers,  and  boilers  composed  of  water- 
tubes,  average  about o-io 

Boilers  of  large  and  small  capacity  have  each  their  advantage& 
In  favour  of  laige  capacity  are,  steadiness  in  the  pressure  of  the 
steam,  ready  deposition  of  impurities,  space  for  the  collection  of  sedi* 
ment,  freedom  from  priming.  In  favour  of  small  capacity  are, 
rapid  raising  of  the  steam  to  any  required  pressure,  small  surface 
for  waste  of  heat,  economy  of  space  and  weight  (which  are  of  special 
importance  on  board  ship),  greater  strength  with  a  given  quan- 
tity of  material,  smaller  damage  in  the  event  of  an  explosiou. 

In  boilers  of  very  small  capacity  in  proportion  to  their  area  of 
heating  surface,  especially  those  composed  of  small  water-tubes,  it 
is  desirable,  and  in  some  cases  necessary,  to  work  with  distilled 
water,  in  order  to  avoid  the  priming,  the  choking  of  the  water- 
spaces  by  salt  or  sediment,  and  the  consequent  burning  of  the  iron, 
which  would  arise  from  tiie  tise  of  water  containing  salt,  mud,  or 
other  impurities.  For  that  purpose  awrfaoe  (xjndenscUion  must  be 
employed,  which  has  already  been  treated  of  to  a  certain  extent  in 
Article  222,  and  will  be  further  considered  in  the  sequeL 
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316.   FerdI    and    Blow^^fl*  AppftM  —  l»#rtkcy g«gh 


-The  feed-pumps  are  worked  bj  the  engine  itself  when  it  i 
in  motion;  but  when  it  is  standing  stiU,  and  it  beoomes  neoeaav] 
to  feed  the  boiler,  thej  are  driven  eitiber  by  hand,  or  hj  a  smal 
auxiliary  engine  called  a  ^^  Donkey.**  For  all  marine  boilers  of  ood 
siderable  size,  a  donkey-engine  is  necessary;  and  it  is  used  no( 
merely  to  feed  the  boiler,  but  to  drive  the  starting  and  revcr»nj 
gear  of  the  valves  when  required,  and  perform  other  miscellaneou 
duties.     (As  to  Injectors,  see  page  477.) 

To  provide  for  leakage  of  water  and  steam,  priming,  blowing-ofl 
and  loss  by  the  safety  valves,  the  feed-pump  of  a  land  engine  should 
be  of  such  capacity  as  to  discharge  from  dovble  to  two  and  c^kai 
Umea  the  n^/eed-uxUer  required  by  the  engine,  according  to 

Article  284,  Equation  10,  page  389, )  ^  xi.^  ,_^ 
Article  287,  Equation  17,  page  401,  >    ^t^ 
or  Article  297,  Equation  12,  page  434,  )     ^^^  ^• 

In  marine  engines,  a  further  addition  to  the  capacity  of  the  feed 
pumps  must  be  made,  to  provide  for  the  brine  which  is  blown  off  o 
pumped  out.  Ordinary  sea-water  contains  about  t\  of  its  weight  o 
salt  The  brine  in  the  boiler  should  never  be  allowed  to  rise  abov< 
treble  that  strength;  and  for  that  purpose  the  volume  of  brine  di» 
charged  should  be  equal  to  JicUf  Hie  vdwms  of  the  n^  feed-wakr 
But  it  is  better  still  to  provide  that  the  brine  in  the  boiler  shall 
never  rise  above  double  the  strength  of  ordinary  sea-water;  and  f >i 
this  purpose  the  brine  discharged  should  be  eqxwl  to  the  feed-tcaJUi 
in  volume.  The  result  is,  that  the  discharging  capacity  of  the  feed 
pumps  of  a  marine  engine  is  made  equal  to  from  three  to  four  timei 
the  volume  of  the  n^etfeed-ioater.  There  is,  besides,  a  duplicate  set  o; 
feed-pumps,  in  order  that  if  one  breaks  down  the  other  may  Ix 
used. 

As  to  the  effect  of  salt  in  water  on  its  boiling  pointy  see  Article 
206,  Division  VIIL,  page  242. 

llie  brine  is  dischaiged  at  a  temperature  on  an  average  140°  oi 
150^  higher  than  that  at  which  the  feed-water  is  drawn  from  the 
hot- well  In  order  that  the  apparatus  of  tubes  and  casing  alreadv 
mentioned  under  head  IX.  of  Article  305  may  act  with  the  greatest 
possible  efficiency  in  transferring  heat  fi-om  the  hot  brine  to  the 
feed-water,  it  appears,  by  the  application  of  equations  6  and  7  d 
Article  219,  that  the  surface  of  the  tubes  should  amount  to  about 
f  (jth  of  a  sqtuire  foot  per  lb.  of  brine  diechcwged  per  hour;  or  ^ 
square  feet  per  cubic  foot  of  brine  discharged  per  hour. 

It  may,  however,  be  sometimes  difficult  or  inconvenient  in  prac- 
tice to  obtain  so  laige  a  surface. 

317.  UmtUf  Tairefc— (See  also  Article  113.)— It  is  oansiderod 
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lesirable  that  one  at  least  of  the  safety  valves  of  a  boiler  should  be 
oaded  directlj,  and  not  through  the  medium  of  a  lever. 

In  stationary  engines  the  load,  whether  applied  through  a  lever  or 
x>  the  valve  directly,  consists  usually  of  weights;  and  weights  are 
ised  for  the  same  purpose  in  marine  engines  also.  In  locomotives, 
nrhose  oscillations  render  weights  inapplicable,  the  load  is  applied 
through  a  lever,  by  means  of  a  spiral  spring  contained  in  a  cylin- 
drical case,  like  that  of  the  indicator  (fig.  16,  page  47).  One  end 
[>f  the  spring  is  attached  to  the  boiler,  the  other  to  the  lever,  by 
tneeois  of  a  rod  whose  effective  length  can  be  adjusted  by  a  screw 
and  nut;  an  index  pointing  to  a  bgbIo  marked  on  the  case  shows 
the  tension  exerted  by  the  spring.  This  mode  of  loading  is  now 
frequently  adopted  for  the  valves  of  marine  boilers.  A  valve  may 
also  be  loisuled  directly  by  means  of  a  spring. 

Mr.  Nasrayth's  safety  valve  is  a  sphere,  and  has  a  load  hung  to 
it  inside  the  boiler.  Mr.  Fairbairn  loads  the  safety  valve  by  a 
weight  and  lever  inside  the  boiler.  Feed-waUr  heaters  (page  262) 
should  have  safety  valves  and  pressure  gauges. 

The  rules  followed  in  practice  for  the  size  of  the  orifice  of  a 
safety  valve  are  very  various.  That  given  by  Mr.  Bourne  is  equi- 
\'alent  to  the  following: — Let  A  be  the  area  of  the  piston;  V,  its 
velocity  in  feet  per  minute;  P,  the  excess  of  the  pressure  in  the 
boiler  above  that  of  the  atmosphei*e,  in  lbs.  on  the  square  inch* 
Let  a  be  the  required  area  of  the  safety  valve;  then 

"=^ 'soup  "^'^3^ •••<^> 

Another  mode  of  determining  the  size  of  the  orifice  has  refei'ence  to 
the  rate  of  consumption  of  fuel,  and  consists  in  making 

a  in  square  inches  =  from  tt  to  w  of  the  number  of  lbs.  of  coal 

burned  per  hour (2.) 

This  rule  is  applicable  to  boilers  in  which  the  weight  of  water 
actually  evaporated  per  lb.  of  coal  is  about  6  lbs. ;  consequently  we 
may  substitute  for  it  the  following : — 

a  in  square  inches  =  from  tbtt  to  yir  of  the  number  of 
lbs.  of  water  actually  evaporated  per  hour (3.) 

Another  rule  is 

a  a  I  sq.  inch  x  nominal  horse-power  (see  page  479),... (4.) 

As  to  the  outflow  of  steam,  see  pages  298  and  555. 
318.  flc«ei  B^icn. — Recent  improvements  in  the  manufacture  of 
steel  hare  so  far  diminished  its  cost  as  to  render  it  commercially 

2h 
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ayailable  as  a  material  for  boilers.  Its  tenacity^  Yaries  aooonling 
to  the  requirements.  Thus  the  usual  mild  steel,  as  now  mana- 
fiictured  for  ship  and  boiler  plates,  has  an  ultimate  tenadty  of 
from  26  to  32  tons  per  square  inch.  Hence  by  the  use  of  this 
material  boilers  of  a  giyen  strength  may  be  made  lighter  than 
iron  boilers.  The  great  ductility  of  this  steel  necessitates  atten- 
tion to  prevent  breaking  from  compressive  action.  In  some 
cases  steel  rivets  are  also  used,  but  in  many  cases  iron  rivets  are 
preferred  to  rivet  steel  plates.     (See  page  563.) 

319.  PmtI««  JB«iian. — Before  any  boiler  is  used,  its  strength 
ought  to  be  tested  by  means  of  the  pressure  of  water,  forced  in  bv 
pumps.  The  tesHng  pressure  (according  to  the  principles  of  Articles 
d9  and  60)  should  be  not  less  than  dwbU  the  working  pressure^  and 
not  more  than  half  the  hwrsUng  pressure;  that  is  to  say,  as  the 
bursting  pressure  should  be  six  times  the  working  pressure,  the 
testing  pressure  should  be  between  twice  and  three  times  the  work- 
ing pressure.  About  ttoo  and  o-AoZ/*  times  the  working  pressure  L< 
a  good  medium. 

In  everything  that  relates  to  the  strength  and  testing  of  boileis, 
the  '^pressure"  is  to  be  understood  to  mean  the  excess  o/the pressure 
mthin  the  boiler  above  the  atmospheric  pressure,  as  in  Article  294. 

The  pressure  of  water  is  to  be  used  in  testing  boilers,  because  d 
the  absence  of  danger  in  the  event  of  the  boiler  giving  way  to  it 

320.  sxplMioM  of  steam  boilers,  so  far  as  they  are  understood 
arise  and  are  to  be  prevented  in  the  following  manner : — 

I.  From  original  weakness.  This  cause  is  to  be  obviated  by  due 
attention  to  the  laws  of  the  strength  of  materials  in  the  designing; 
and  construction  of  the  boiler,  and  by  testing  it  properly  before  it 
is  subjected  to  steam  pressure. 

II.  From  weakness  produced  by  gradual  corrosion  of  the  ma- 
terial of  which  the  boiler  is  made.  This  is  to  be  obviated  by 
frequent  and  carefal  inspection  of  the  boiler,  and  especially  of  the 
parts  exposed  to  the  direct  action  of  the  fire. 

III.  From  wilful  or  accidental  obstruction  or  overloading  of  the 
saiety  valve.  This  is  to  be  obviated  by  so  constructing  safety 
valves  as  to  be  incapable  of  accidental  obstruction,  and  by  placing 
at  least  one  safety  valve  on  each  boiler  beyond  the  control  of  the 
engineman. 

IV.  From  the  sudden  production  of  steam  of  a  pressure  greater 
than  the  boiler  can  bear,  in  a  quantity  greater  than  the  safety  valve 
can  dischaige.  There  is  much  difference  of  opinion  as  to  some  points 
of  detail  in  the  manner  in  which  this  phenomenon  is  prodaced; 
but  there  can  be  no  doubt  that  its  primary  causes  are — ^first,  the 
overheating  of  a  portion  of  the  plates  of  the  boUer  (being  in  most 

\  that  portion  called  the  crown  qftheJuTTiooe,  which  is  directly 
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over  the  fire),  so  that  a  store  of  heat  is  accumalated — and,  secondly, 
the  sudden  contact  of  such  overheated  plates  with  water,  so  that 
the  heat  stored  up  is  suddenly  expended  in  the  production  of  a 
large  quantity  of  steam  at  a  high  pressure.  Some  engineers  hold, 
that  no  portion  of  the  plates  can  thus  become  overheated,  imless 
the  level  of  the  surface  of  the  water  sinks  so  low  as  to  leave  that 
portion  of  the  plates  above  it,  and  uncovered;  others  maintain, 
with  M.  Boutigny,  that  when  a  metallic  surface  is  heated  above  a 
certain  elevated  temperature,  water  is  prevented  from  actually 
touching  it  either  by  a  direct  repulsion,  or  by  a  film  or  layer  of 
very  dense  vapour;  and  that  when  this  has  once  taken  place,  the 
plate,  being  left  dry,  may  go  on  accumulating  heat  and  rising  in 
temperature  for  an  indefinite  time,  until  some  agitation,  or  the 
introduction  of  cold  water,  shall  produce  contact  between  the  water 
and  the  plate,  and  bring  about  an  explosion.  All  authorities, 
however,  are  agreed,  that  explosions  of  this  class  are  to  be  pre- 
vented by  the  following  means : — 1.  By  avoiding  the  forcing  of  the 
£res,  which  makes  the  boiler  produce  steam  faster  than  the  rate 
suited  to  its  size  and  surface.  2.  By  a  regular,  constant,  and  suffi- 
cient supply  of  feed  water,  whether  regulated  by  a  self-acting 
apparatus,  or  by  the  attention  of  the  engineman  to  the  water 
gauge ;  and  3,  Should  the  plates  have  actually  become  overheated, 
by  abstaining  from  the  sudden  introduction  of  feed  water  (which 
would  inevitably  produce  an  explosion),  and  by  drawing  or  extin- 
guishing the  fires,  and  blowing  off  both  the  steam  and  the  water 
from  the  boiler.    (See  page  557.) 

321.  Internal  i»epo«iia. — Boilers  are  liable  to  become  encrusted 
inside  with  a  hard  deposit  of  the  minerals  contained  in  the  water, 
which,  by  resisting  the  conduction  of  heat,  impairs  at  once  the 
evaporative  power  of  the  boiler,  its  durability,  and  its  safety.  The 
deposition  of  carbonate  of  lime  can  be  prevented  by  dissolving  sal- 
ammoniac  in  the  water;  fbr  that  salt  and  the  carbonate  of  lime 
are  mutually  decomposed,  producing  carbonate  of  ammonia  and 
chloride  of  calcium,  of  which  both  are  soluble  in  water,  and  the 
former  is  volatile.  The  deposition  of  sulphate  of  lime  can  be  pre- 
vented by  dissolving  carbonate  of  soda  in  the  water ;  the  products 
being  sulphate  of  soda  and  carbonate  of  lime,  of  which  the  former 
is  soluble,  and  the  latter  falls  down  in  grains,  and  does  not  adhere 
to  the  boiler.  The  most  effectual  means  of  preventing  internal 
incrustation  are,  either  a  regular  system  of  blowing  off  the  water 
before  it  becomes  too  highly  charged  with  impurities,  like  that 
described  in  Article  316;  or  the  use  of  water  so  pure  as  to  yield 
no  deposit;  whether  such  water  be  obtained  from  a  natural  source, 
or  by  means  of  surface  condensation. 

A  peculiar  deposit  of  an  unctuous  nature  has  been  found  to  clog 
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the  water  spaces  of  the  boilers  of  some  of  the  engines  in  whLdi  B6r> 
face  condensation  has  been  employed.  That  deposit  consists  of  tLf 
grease  or  oil  used  to  lubricate  the  cylinder,  partially  altered  ar  i 
decomposed.  It  can  be  obviated  by  introducing  little  or  no  grea«« 
or  oil  into  the  cylinder;  and  to  make  that  practicable,  the  sorGt,:* 
of  contact  between  the  packing  of  the  piston  and  the  interior  of  ti* 
cylinder  must  be  lubricated  with  water.  In  order  that  a  bib&L 
quantity  of  water  may  remain  in  the  cylinder  in  the  liquid  state 
for  that  purpose,  the  heating  of  the  steam,  whether  by  means  of  » 
superheating  apparatus  or  of  a  steam  jacket  round  the  cylinder, 
must  not  be  candied  so  far  as  wholly  to  prevent  condensation  in  the 
cylinder.     On  this  point,  see  Article  2^6,  page  396. 

322.  An  Szicniai  Cnisc  of  a  carbonaceous  kind  is  often  deposateU 
from  the  flame  and  smoke  of  the  furnaces  in  the  flues  and  tubei. 
and  if  allowed  to  accumulate,  seriously  impairs  the  economy  of  fuel 
It  is  removed  from  time  to  time  by  means  of  scrapers  and  wiic 
blushes.  The  accumulation  of  this  crust  is  the  probable  cause  of 
the  fact,  that  in  some  steam-ships  the  consumption  of  ooal  i^t 
indicated  horse-power  per  hour  goes  on  gradually  increasing,  ontil 
it  reaches  one  and  a-half  its  original  amount,  and  sometimes  morv. 
The  following  is  an  example  of  that  increase,  from  an  ocean  steamtr 
of  great  size  and  power : — 

Coal  per  I.  H.-P^ 
per  hour. 
Lbs. 

On  trial  trip, 3-5 

On  1st  day  of  voyage, 3*6 

On  5th  day, 4'68 

On  11th  day, 455 

On  26th  day, 5-32 

On  30th  day, 584 

On  32d  day, 4*^5 

On  35th  day 610 

The  increase  in  the  consumption  of  fuel,  although  not  absolutely 
continuous,  and  sometimes  even  reversed  to  a  small  extent,  is  still 
sufficiently  marked  to  prove  a  progressive  falling  off  in  the  efficiencv 
of  the  furnace  and  boiler. 

323.  if«mia«i  Hwo-ywCT  •f  B«il«i«. — ^Boilers,  especially  those 
of  stationary  engines,  are  sometimes  stated  to  be  of  so  many  horse- 
power. This  is,  in  fact,  a  conventional  mode  of  describing  the  dmm- 
sums  of  the  boiler,  according  to  an  arbitrary  rule.  The  rales 
employed  for  estimating  the  nominal  horse-power  of  boilers  hare 
been  various,  and  most  of  them  vague  and  indefinite.  A  perfectif 
definite  rule,  however,  has  been  proposed  by  Mr.  Kobert  Aimstron^ 
aa  being  founded  on  the  best  onlinaiy  practice,  viz. :— 
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Take  a  mean  proportional  between  the  area  of  the  fire  grcUe  in  square 
et^  and  the  area  of  the  effective  heating  surface  in  sqoMre  yards, 

"Xhe  nominal  horse-power  of  the  boiler  is  generally  much  less 
xan  the  indicated  horse-power  of  the  engine,  to  which  it  bears  no 
:x.ed  proportion. 

Section  2. — Examples  of  Furnaces  and  Boilers, 
324.  ira«oa  B«iicr. — This  form  of  boiler^  which  is  suitable  for 


Fi.:?.  1  in. 

low  pressure  steam  only,  was  intro- 
duced by  Boulton  and  Watt,  and 
was  for  a  long  time  the  most  gene- 
rally used  of  all  boilers. 

Fig.  116  is  a  longitudinal  section, 
showing  the  general  arrangement 
of  the  principal  appendages  of  the 
boiler;  fig.  117,  a  cross-section. 
A  is  the   grate;    B^  the   boiler; 


Fig.  117. 
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C,  C,  C,  C,  Stay-rods;  D,  the  bridge;  N,  N,  flues.  The  flame  or 
furnace  gas  proceeds  from  the  furnace  over  the  bridge,  and  back- 
wards along  the  flue  below  the  boiler;  it  returns  forwards  along 
one  of  the  lateral  flues  N,  and  again  proceeds  backwards  along  the 
other  lateral  flue  to  the  chimney.  This  course  of  the  hot  gas  is 
called  a  wheefrd/rav^fhi.  In  the  figure  the  boiler  has  no  internal  flue ; 
sometimes  there  is  a  cylindrical  internal  flue,  along  which  the  hot 
gas  returns  forwards,  and  then  divides  into  two  currents,  which 
proceed  backwards  to  the  chimney  along  the  lateral  flue&  This  is 
called  a  splU-d/raugkt, 

W  and  S  are  wateivgauge  cocks;  M,  the  man-hole;  I,  the  steam 
pipe;  Y,  the  safety  valve;  F  is  the  stone  float,  partially  ooimter- 
pois^,  whose  rising  and  &lling  regulates  the  valve  for  the  admis- 
sion of  the  feed-water.  The  column  of  water  in  the  vertieal  feed- 
pipe in  these  old  low-pressure  boilers  acts  as  a  pressure  gauge,  and  a 
float  on  the  sur£eice  of  that  column  is  seen  to  be  connected  by  a 
chain  over  a  pulley  with  the  damper,  whose  opening  it  regulates. 

325.  Cyiiiidrieai  SM-Sadicd  B«u«r. — ^This  boiler  oonsistB  simply 
of  a  cylindrical  shell  with  hemispherical  enda 
Its  figure  is  very  favourable  to  strenglli  and 
safety,  with  a  high  pressure;  but  it  requires 
great  length  as  compared  with  other  boilers 
to  give  sufficient  heating  surfaca  In  the  cross- 
section,  fig.  118,  A  is  the  grate,  oocupying 
a  length  which  ought  not  to  exceed  about  six 
feet  under  the  front  end  of  the  boiler;  B,  the 
boiler;  D,  the  bridge,  made  concave  at  the 

Fig.  118.  top  so  as  to  be  parallel  to  the  bottom  of  the 

boiler;  N,  N",  the  flues,  through  which  the  hot 
gas  forms  a  icked-draught,  as  in  Article  324. 

This  boiler,  like  the  wagon  boiler,  is  sometimes  made  with  an 
internal  flue,  by  which  the  deficiency  of  heating  surfisuM  compared 
with  capaciiy  is  to  a  certain  extent  made  up. 

A  serious  defect  of  the  cylindrical  boiler  with  the  furnace  below 
it  is,  that  the  bottom  of  the  boiler  where  sediment  collects  is  the 
part  exposed  to  the  most  intense  heat.  'Unless,  therefore,  the  water 
used  is  of  uncommon  purity,  the  bottom  of  the  boiler  is  liable  to 
bum.  Cylindrical  boilers  are  sometimes  made  without  lateral  flues ; 
the  hot  gas  flowing  straight  along  the  bottom  of  the  boiler  from  the 
furnace  to  the  chimney.  This  arrangement  is  called  a  *' flash 
flue."  It  requires  a  greater  length  for  a  given  heating  surfitce  than 
any  other  form  of  boUer. 

326.  Retort  Boiler. — ^Tlus  is  the  name  given  by  Messrs.  Dunn 
4k  Hattersley  to  a  boiler  introduced  by  them,  in  order  to  obtain  the 
strength  of  the  cylindrical  egg-ended  boiler,  without  its  disadvan- 


BETORT  BOILER — ^BOILEB  WITH  HEATEBa 


471 


tagcs  in  point  of  compactness,  economy  of  fuel,  and  durability.  It 
consists  of  a  number  of  small  cylindrical  egg-ended  shells  laid  side 
T>y  side,  parallel  and  horizontally,  above  the  furnace  and  flues;  theae 
contain  water  to  about  three-quarters  of  their  depth,  and  in  them 
the  boiling  takes  place;  they  all  communicate  upwards  with  one 
long  cylindrical  ^g-ended  shell  which  acts  as  a  steam  ohest;  and 
l>elow  with  another  which  sei-ves  as  a  sediment  collector. 

327.  OyiiBdricai  Boiler  with  HMtera. — ^This  is  called  in  Britain 
the  "  French  boiler,"  from  being  much  used  in  France.  In  France 
it  is  called  '^  chaudiere  k  bouilleurs."     Fig.  119  shows  a  longitudi- 


Fig.  119. 

nal  section  of  the  furnace  and  flues,  and  side  elevation  of  the  boiler; 
fig.  120  shows  a  cross-section  of  the  boiler,  furnace,  and  flues. 

A  is  the  main  boiler  shell,  cylindrical,  with  hemispherical  ends; 
B,  B,  the  heaters,  or  "  bouilleurp,"  being  horizontal  cylindrical 
shells  of  smaller  diameter  than  the  main  shell,  having  their  back- 
ward ends  hemispherical  or  segmental,  and  their  forward  ends 
closed  by  covers,  so  as  to  serve  as  ''  mud-holes  "  for  the  clean- 
sing out  of  sediment  when  required ;  0  C  0,  0  C  C,  are  two  rows 
of  vertical  tubes,  which  connect  the  main  boiler  shell  with  the 
heaten.     D  is  a  horizontal  brick  partition^  at  the  level  of  the 
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upper  halves  of  the  heaters;  E,  the  furnace;  F  (Bg.  120),  tiie 
passage  over  the  bridge  fix>ni  the  furnace  to  the  flAme-be<L 
The  space  above  the  horizontal  partitioD  D 
is  divided  by  two  parallel  brick  partitioia, 
occuppng  the  intervals  of  the  two  rows  d 
vertical  tubes^  into  three  parallelflues,  H,  G,  H. 
L  is  the  chimney ;  M,  the  damper ;  <i  is  tbe 
glass  water-gauge  in  firont  of  the  boiler.  Ob. 
the  top  of  the  main  shell  are  seen  the  man- 
hole, EUkfety  valves,  and  other  appendages  la 
fig.  119,  at  the  back  of  the  fdmaoe,  is  seen 
one  of  a  row  of  curved  passages,  opened  and 
closed  by  a  sliding  valve,  for  admitUng  jets  c^' 
air  above  the  fuel  through  holes  in  the  front 
of  the  bridge ;  at  the  front  of  the  fiimace  b 
seen  a  dead-plate. 

The  flame  and  hot  gas  pass  backwards 
through  F;  then  forwards  tlux)ugh  G;  then 
by  a  "split-draught,"  backwards  through 
the  lateral  flues  H,  H ;  and  then  to  the 
chimney. 

This  boiler  is  considered  both  safe  and 

efficient.      In   France  the  heaters  and  con- 

^^if  necting  tubes  are  often  made  of  cast  iron ; 

in  Britain  that  material  is  considered  unsafe 

for  boilers. 

328.  The  €«nilflh  Boiler  in  its  simple?! 
form  consfsts  of  a  horizontal  cylindrical  shell  B  (fig.  121),  with  an 
internal  cylindrical  flue,  whose  diameter  is  Aths  of  that  of  the 
shell  or  thereabouts.  In  the  front  end  of 
that  flue  is  situated  the  internal  furnace, 
of  which  A  is  the  grate,  and  D  the  bridge. 
The  external  flues  may  be  arranged  either 
for  a  split- draught  or  a  wheel-draught 
The  figure  shows  the  arrangement  for  a 
split-draught  The  current  of  furnace  gas, 
after  having  passed  backwards  over  the 
bridge  and  along  the  internal  flue,  divides 
into  two  streams,  which  pass  forwards  along  the  side  flues  E,  £; 
then  those  streams  re-unite,  and  pass  backwards  along  the  bottom 
flue  F  to  the  chimney.  In  this  form  of  boiler  the  furnace  gas 
takes  a  descending  course,  of  which  the  advantages  have  been 
stated  in  Articles  220  and  313;  the  bottom  of  the  boiler,  where 
the  feed- water  first  mingles  with  the  rest,  and  where  deposit  tends 
to  settle,  is  the  coolest  portion;  and  the  hottest  portion  (the 


Fig.  120. 


Big.  121. 
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jirorvra  of  the  furnace)  is  near  the  surface,  where  the  steam  is 
p.Tren  otL  All  these  drcamstances  are  favourable  to  durability 
ind.  eoouomy. 

Xhe  crown  of  the  furnace,  and  a  portion  of  the  top  of  the  flue 
l>eyond  the  bridge,  are  sometimes  lined  with  a  brick  arch,  to  pre- 
sent the  flame  from  being  cooled  and  extinguished  by  contact  with 
blie  plates  of  the  boiler  before  the  combustion  of  the  coal  gas  is 
completa 

The  part  of  the  internal  flue  behind  the  bridge  is  sometimes  made 
a  little  narrower  than  the  part  which  contains  the  furnace. 

Soilers  of  this  dass  haTe  in  many  cases  given  way  by  the  collaps- 
ing of  the  internal  flue.  The  principles  upon  which  the  strength 
of  that  flue  depends,  discovered  by  Mr.  Fairbaim,  have  been 
explained  in  Article  67,  pages  70,  71. 

The  dotted  circle  C  represents  a  heater,  or  horizontal  water-tube, 
Hke  those  of  the  French  boiler,  which  is  sometimes  placed  within 
tlie  internal  flue  of  the  Cornish  boiler,  in  the  part  behind  the 
bridge.  It  is  connected  by  one  or  more  vertical  water-tubes,  with 
the  water-space  at  the  bottom  of  the  main  boiler,  and  by  a  siphon- 
ahaped  tube,  beyond  the  backward  end  of  the  main  boiler,  with  the 
steam-space  at  the  top. 

329.  CrtimdriemA  UMible-Faraace  Boiler* — A  crOSS-section  of  a 
boiler  of  this  class  is  shown  in  &g,  122.  The 
boiler  consists  of  a  cylindrical  shell,  with  a  pair  of 
nimilar  and  parallel  internal  flues,  whose  diame- 
ter is  i%ths  of  that  of  the  shell,  or  thereabouts. 
Sach  of  these  flues  contains  in  its  front  end 
an  internal  furnace,  like  that  of  the  Cornish 
boiler.  Those  furnaces  are  fired  alternately,  in  '  ^  JTT" 
order  to  promote  complete  combustion,  as 
stated  in  Article  230,  page  282.  The  external  flues  form  either  a 
wheel-draught  (as  shown  in  fig.  122),  or  a  split-draught  (as  shown 
in  fig.  121> 

In  one  form  of  this  boiler  the  two  internal  flues  run  parallel  to 
each  other  from  end  to  end  of  the  boiler.  This  prevents  the  mixing 
of  the  gases  from  the  two  furnaces  until  they  have  been  considerably 
cooled;  and  to  remedy  that  defect,  in  some  boilers  a  series  of  trans- 
verse tubes  have  been  introduced,  at  and  near  the  bridges,  to  make 
an  early  communication  between  the  two  currents  of  furnace  gas. 

In  another  form,  the  two  flues  unite  into  one  at  a  short  distance 
behind  the  bridges,  so  that  the  entire  combination  of  flues  has  a 
forked  ahape^  The  combustion-chamber  where  the  flues  unite,  is 
sometimes  strengthened  against  collapsing  by  means  of  vertical 
water-tubes  tnyersing  it,  and  acting  as  hollow  pillars  or  struts,  to 
keep  the  top  and  bottom  ammder. 
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Fig.  128. 


330.  CyUMdrical  Drntbto-Faniace  Tnbnlar  B«ller« — ThlB  boiler, 
introduced  by  Mr.  Fairbairn,  is  like  a  forked-flue 
boiler,  in  which,  for  the  single  part  of  the  inter- 
nal flues,  is  substituted  a  set  of  parallel  tube^ 
The  cross-section  of  the  two  furnaces  is  similar  to 
fig.  122.  Fig.  123  is  a  horizontal  section  of  tk 
boiler.  A,  A,  are  the  grates;  B,  B,  dead-plates; 
D,  D,  bridges;  E,  mixing-chamber  or  flame-chamber: 
F,  F,  front  tube-plate;  G,  tubes;  H,  H,  back  tube- 
pkte,  and  backward  end  of  boUer.  According  tc 
the  usual  proportions  of  this  boiler,  the  length  of  the 
tubes  is  about  one-half  of  the  total  lengtii  of  the 
boiler.  It  has  external  flues,  like  the  boiler  of  th« 
last  Article. 

331.  niaHae  B^iimv  have  undergone  great  changes  due  to  th^ 
increasing  pressures  demanded  for  economical  working  of  tb( 
steam,  and  the  introduction  of  steel  as  a  material  for  the  shell 
plates,  together  with  the  use  of  corrugated  flues,  has  enabled 
engineers  to  cany  out  those  high  pressures  now  used  at  sea, 
ranging  from  70  lbs.  to  160  lbs.  per  square  inch.  As  in  such  cases 
economy  of  material  with  efficiency  of  working  are  the  principal 
matters  to  be  kept  in  view,  the  proper  proportioning  of  aU  tbe 
parts  which  go  to  make  up  a  modem  marine  boiler  has  to  be 
carefully  attended  to.  Thus  the  Fire-grate  area  has  to  be 
considered  in  reference  to  combustion,  and  the  Heating  area 
to  steam  raising.  The  relative  proportion  of  these  areas  may 
vary  within  certain  limits,  but  modem  practice  has  assigned  in 
a  general  way  values  which  have  been  found  to  be  satisfactory. 
Thus,  taking  20  lbs.  of  coal  consumed  on  1  square  foot  oi 
grate  per  hour,  and  the  evaporation  of  water  at  about  9  lbs.  pei 
lb.  of  coal,  the  fire-grate  area  will  require  to  be  at  the  rate  ol 
one-eighth  of  a  square  foot,  and  the  heating  surface  from  3  to  3} 
square  feet,  for  each  indicated  horse-power  to  which  the  engine 
is  intended  to  work,  or  generally  the  heating  surface  25  or  26 
times  the  grate  area.  About  five-sixths  of  the  total  heating 
surface  will  be  in  the  tubes  alone. 

The  tubes  are  about  3  inches  external  diameter,  and  from 
6  feet  to  7  feet  in  length. 

332.  niariae  TnbMiar  B^iien. — The  general  arrangement  ol 
these  boilers  is  shown  by  fig.  124  and  accompanying  plate, 
where,  both  in  end  elevation  and  longitudinal  section,  the  details 
of  constmction  are  given.  In  fig.  124,  A,  A,  is  the  grate ;  B,  the 
dead-plate;  C,  the  ash-pit;  D,  the  bridge;  E,  the  rising  flue, 
flame-chamber,  or  "back  uptake;"  F,  F,  F,  F,  the  tubulates 
and  tubes;  G,  G,  the  uptake,  having  doom  in  front  for  the 
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removal  of  soot  and  other  dirt,  and  for  access  to  the  tubes  to 
cleanse  or  repair  them;  H,  the  chimney.  The  figure  shows  a 
few  of  the  stay-rods  within  the  boiler. 


Fig.  124. 

The  boiler  shown  on  plate  is  double-ended,  or  arranged  so  as 
to  be  fired  firom  both  ends,  the  combustion  chamber  being  in  the 
central  part  instead  of  at  the  back  as  in  fig.  124,  and  the  flame 
and  smoke  passing  through  the  tubes  to  right  and  left  to  the 
uptakes  and  funnel ;  the  area  of  the  latter  is  about  one-sixth  of 
that  of  the  fire-grate. 

"Various  other  forms  of  boilers  are  used,  principally,  however, 
on  board  small  steam  vessels  such  as  launches  and  river  boats. 
The  locomotive  type,  in  which  the  tubes  are  horizontal  like  that 
described,  and  the  haystack  form,  in  which  the  tubes  are  vertical, 
are  illustrations.  In  the  locomotive  type  the  draught  in  the 
chimney  is  increased  by  the  steam  blast,  but  in  many  cases  forced 
draught  is  resorted  to  by  such  methods  as  closed  stokeholes,  the 
air  in  which  is  kept  at  a  sufficiently  high  pressure  to  insure  a 
more  rapid  combustion  and  consequent  quicker  evaporation. 

333.  i>etaeh««-Fanaee  Bailer. — Thishas  already  been  mentioned 
in  Article  228,  page  279 ;  Article  230,  page  283 ;  and  in  Articles 
303, 304,  and  310,  pages  449, 450,  and  468.    Fig.  126  is  a  horizontal 
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section  of  a  double  furnace  of  this  kind,  used  at  St  Rollox,  showing 
a  small  portion  of  the  boiler;  fig.  126  is  a  cross-section  of  the  fur- 
nace ',  fig.  127  a  cross-section  of  the  boiler  and  flues.  These  three 
figures  are  on  a  scale  of  j^  of  the  real  dimensions ;  A,  A,  are  the 


Fig.  127. 


Fig.  125. 


dead-plates;  B,  B,  the  grates;  C,  the  brick  partition  between  the 
two  grates  and  their  ash-pits;  D,  B,  air-spaces  in  the  brickwork  of 
the  sides  and  roof  of  the  furnace,  to  resist  the  conduction  of  heat; 
H,  flame-chamber,  tapering  so  as  to  join  the  internal  flue  E,  of  the 
boiler;  F,  F,  side  flues;  G,  bottom  flue. 

Fig.  128  is  a  longitudinal  section  of  a  mouthpiece  and  dead- 
plate,  showing  the  heap  of  dross  which  acts  as  a  fire- 
door  (see  Article  310),  and  the  air-holes  in  the  thickness 
of  the  top  of  the  mouthpiece.  Fig.  129 
is  a  front  view  of  the  mouthpiece,  show- 
ing the  air-holes.  These  two  figures  are 
on  a  scale  of  A  of  the  real  dimensions. 

In  some  of  the  boilers,  the  internal 
flue,  instead  of  traversing  the  boiler  from 
end  to  end,  is  of  a  T-shape  at  the  back- 
ward end,  the  two  branches  leading  into  the  two  side  flues  F,  F. 
In  others,  there  is  a  single  cjlindric^  flue  for  half  the  length  of  the 
boiler,  and  a  set  of  tubes,  as  in  fig.  123,  page  474,  for  the  other 
half  of  the  length.  These  forms  of  flue  were  introduced  hj  Mr. 
John  Tennent. 

334.  inusceiiaMe^a*  F«rma  •f  B^Ucr. — ^Yarious  kinds  of  boilers, 
presenting  great  diversities  of  form  and  arrangement,  have  already 
been  incidentally  mentioned  and  described  generally,  such  as  Mr. 
Craddock's  boiler  (Articles  303,  305,  313,  316).  With  reference 
to  this  boiler,  it  may  here  be  added,  that  the  vertical  water-tuhes 
have  a  portion  alightlj  curved,  in  order  that  when  expanded  hj 
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Fig.  129. 
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heat,  they  may  yield  sideways,  and  not  strain  the  framework  of  the 
boiler.  The  Earl  of  Dundonald's  boiler,  mentioned  in  Article  234, 
Example  X.,  consists  of  a  shell  like  that  of  a  marine  flue-boiler, 
bat  somewhat  longer  and  lower.  Within  that  shell  are,  the  fur- 
nace,  the  flame-chamber,  and  the  uptake,  all  at  the  same  or  nearly 
the  same  level.  The  flame  passes  from  the  top  of  the  furnace  into 
the  top  of  the  flame-chamber,  which  is  traversed  by  a  great  number 
of  vertical  water-tubes :  from  the  bottom  of  this  chamber  the  hot 
gas  passes  into  the  uptake,  in  contact  with  which  is  a  steam  chest 
communicating  at  its  top  with  the  top  of  the  boiler.  At  the 
passage  of  communication  is  a  centrifugal  fan,  so  placed  as  to  throw 
the  spray  that  is  mixed  with  the  steam  back  into  the  boiler. 

Amongst  vertical  tube  boilers  may  be  mentioned  one  of  Mr. 
David  Napier's,  which  has  been  used  to  some  extent  in  practice. 
The  shell  is  cylindrical  and  vertical,  with  a  hemispherical  top. 
Within  it  is  a  vertical  cylindrical  flame-chamber,  and  within  the 
flame-chamber  are  numerous  vertical  water-tubes,  communicating 
above  with  the  steam  space  at  the  top  of  the  boiler,  and  below 
with  a  flattened  hollow  disc,  or  ^'  pan,"  which  is  above  the  Are,  and 
is  connected  by  horizontal  tubes  with  the  surrounding  annular 
water  space. 
The  loeomoUve  bailer  will  be  illustrated  in  the  nei^t  chapter. 

Addekduk  to  Article  306,  Page  457. 

Wmwmmem  twr  niacnil  Oil.— To  adapt  the  fhniaoe  of  a  steam-boiler  to  the  hnm. 
log  of  mineral  oil,  it  is  lined  throaghont  with  fire-bricic  4  or  6  inches  thicic,  which  at 
oDoe  protects  the  boiler-plates  and  maintains  a  temperatare  high  enough  for  complete 
combostion.  The  oil  runs  from  a  closed  resenroir  at  a  rate  regulated  by  means  of  suit- 
able cocks  or  valres  into  one  or  more  funnels,  from  which  it  is  conducted  into  the 
furnace.  There  are  different  ways  of  introducing  the  oil  and  the  air  for  its  combustion 
into  the  Ainiace;  but  in  every  case  it  is  essential  that  the  oil  should  be  in  a  state  of 
fine  division.  In  some  furnaces  the  oil  flows  in  by  gravity,  in  a  shower,  from  a  row 
of  small  orifices  in  the  front;  and  below  these  is  a  flre-bridEgrating,  through  which  the 
air  enters.  In  others  the  oil  is  blown  Into  the  furnace  in  tlie  state  of  spray,  by  means 
of  A  jet  of  highly  superheated  steam ;  and  the  air  enters  through  orifices  surrounding 
the  injecting  apparatus  (Aydon's  system). 

Addekduh  to  Article  316,  Page  464. 

The  I^|ocl«r  for  feeding  boilers  (invented  by  Giffard)  is  in  fact  a  jet  pump  (Article 
187  A,  page  218),  in  which  the  water  is  driven  by  a  jet  of  steam  taken  from  the  boiler 
that  is  M.    The  ordinary  rule  for  finding  the  proper  sectional  area  for  the  narrowest 

partsof  the D0»les  Uasfollows:-For  square  inches,""^; ^f^^^''^'',*^^"^,^*^^ 
*^  ^  ^  800  V  pressure  in  atmospheres  * 

i*__.     1     11.     cubic  feet  per  hour  gross  feed  water    „. 
b  aboot  imrtMn  tiinn  lb*  *0faM«  of  the  water  htjMtad. 
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CHAPTER  V, 

OF  THE  HECHANISM  OF  BTEAX  ENODIESL 

Sectiok  1. — Ofths  Mechanism  of  Steam  Engines  in  genend. 

335.  EngiMcs  Clawed. — All  steam  engines  may  be  divided  into 
two  great  dasses,  according  as  they  are  or  are  not  provided  with 
apparatus  for  condensing  the  steam  at  a  pressure  lower  than  the 
atmospheric  pressure;  that  is  to  say,  with  a  law  pressure  eandenser, 
and  its  appendages.     These  classes  are — 

I.  Condensing,  or  law  pressure  engines, 

II.  Non-condensing,  or  high  pressure  engines. 

The  difference  between  those  two  classes  of  engines,  in  so  far  as 
it  affects  the  efficiency  of  the  steam,  has  been  treated  of  alreadv  in 
Article  280,  pages  381,  382,  383,  and  in  Article  289,  pages  410. 
411.  The  kind  of  locomotive  mentioned  in  Article  412,  which 
condenses  part  of  its  waste  steam  at  the  atmospheric  pressure, 
belongs  more  properly  to  the  second  clasj  than  to  the  first. 

Engines  of  the  second  class  are  on  the  whole  less  economical 
of  fuel  than  those  of  the  first  class;  but  as  they  have  fewer  parts, 
and  occupy  less  space,  they  are  much  used  where  simplicity  and 
compactness  are  considered  of  more  importance  than  economy  of 
fuel. 

A  second  mode  of  classing  steam  engines  is  founded  on  the  mode 
in  which  the  steam  acts  upon  the  piston,  and  is  as  follows : — 

I.  Single  acting  engines,  in  which  the  steam  performs  its  work 
by  its  action  on  one  side  of  the  piston  only. 

II.  Double  acting  engines,  in  which  the  steam  exerts  energy  on 
either  side  of  the  piston  alternately. 

IIL  Rotatory  engines,  in  which  the  steam  drives  a  revolying 
piston  round. 

The  way  in  which  the  difference  between  single  and  double  act- 
ing engiues  affects  the  calculation  of  the  power  has  already  been 
explained  in  Article  43,  page  50,  and  referred  to  in  Article  260, 
pages  333,  334,  Article  263,  page  339,  and  elsewhere. 

A  third  mode  of  classification  distinguishes  engines  into— 

I.  NonrTotative,  in  which  no  continuous  rotation  is  produced,  as 
in  single  acting  pumping  engines^  steam  hammerSj  and  direct  acting 
beetling  machmes. 
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TT.  Eotaiive  engines,  in  which  the  motion  is  finally  communi- 
cated to  a  continuously  rotating  shafL 

Hotative  engines  are  now  the  most  common.  Non-rotative 
engines  are  exceptional 

A.f(yuTth  mode  of  classing  engines  is  founded  on  their  purposes^ 
as  follows: — 

I.  Stationary  engines,  such  as  those  used  for  pumping  water,  for 
driving  manufacturing  machineiy,  &c. 

II.  Portable  engines,  which  can  be  removed  from  place  to  place, 
but  are  stationary  when  at  work. 

IIL  Jfarine  engines,  for  propelling  vessels. 

IV.  Locomotive  engines,  for  propelling  vehicles  on  land. 

Stationary  engines  exist  of  all  the  classes  belonging  to  the  three 
previous  modes  of  classification.  Portable  engines  are  usually  non- 
condensing,  to  save  space,  and  to  adapt  them  to  situations  where 
injection  water  cannot  be  obtained  in  sufficient  quantity.  Most  of 
them  are  also  double  acting  and  rotative.  Marine  engines  are  in 
general  condensing,  double  acting,  and  rotative.  Locomotive  engines 
are  almost  all  non-condensing,  and  all  double  acting  and  rotative. 

336.  Nominal  Horac-powcr  is  a  conventional  mode  of  describing 
the  dimensums  of  a  steam  engine,  for  the  convenience  of  makers 
and  purchasers  of  engines,  and  bears  no  fixed  relation  to  indicated 
or  to  ^edive  horse-power. 

The  mode  of  computing  nominal  horse-power,  established  amongst 
civil  manufacturers  of  steam  engines  by  the  practice  of  Messrs. 
Boulton  and  Watt,  is  as  follows : — 

Assume  the  velocity  of  the  piston  to  be  128  feet  per  minute 
X  cube  root  of  length  of  stroke  in  feet; 

Assume  the  mean  effective  pressure  to  be  7  lbs.  on  the  square 
inch; 

Then  compute  the  horse-power  from  those  fictitious  data,  and  the 
area  of  the  piston ;  that  is  to  say. 

Nominal  H,-P.  =  7  x  128  x  \J  stroke  in  feet 
X  area  of  piston  in  square  inches  -h  33,000 

X]  stroke  in  feet  x  area  piston  in  inches 

47  nearly 
__  \J  stroke  in  feet  x  diam.^  in  inches  ..  . 

60  ^  '^ 

The  indicated  power  of  different  engines  usuaUy  exceeds  the 
nominal  power  as  computed  by  the  above  rule  in  proportions  rang- 
mg  from  1^  to  £f. 

In  the  role  established  by  the  AdmiraUy  for  computing  nominal 
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hors&-power,  the  redI'vdocUy  of  Ike  piston  is  taken  into  aooonnt; 
but  the  fictiHoua  ^ective  pressure  of  7  lbs.  on  the  sqnaie  indL  is 
assumed  3  consequently,  by  the  Admiralty  rule, 

Nominal  H.-P.  =  velocity  of  piston  in  feet  per  minute 
X  area  of  piston  in  inches  x  7  -f-  33,000 
_  velocity  in  feet  per  min.  x  diam.^  in  inches  ,«% 

6000  ^  ^ 

The  indicated  power  of  marine  engines  ranges  from  onoe  to  tkret 
times,  and  is  on  an  average  about  ttvice  the  nominal  power  as  com- 
puted by  the  Admiralty  rule. 

Both  the  civil  rule  and  the  Admiralty  rule  for  computing  the 
power  of  engines  are  applicable  to  low  pressure  engines  idone;  For 
high  pressure  engines  there  is  a  customary  rule  proposed  by  Mr. 
Bourne,  which  consists  in  assuming  the  effective  pressure  to  be  21 
lbs.  per  square  inch,  the  other  data  being  the  same  as  in  the  role 
for  low  pressure  engines. 

337.  EMMntenuioa  •f  the  PrlMclpal  Paila  •€  aa  SMftaM. — ^L  The 
boiler  and  cylinder  are  connected  by  means  of  the  steam  pipe,  in 
which  is  the  stop  valve,  already  mentioned  in  Article  305,  Divi- 
sion XL:  also,  the  throttle  valve  or  regtdaior,  for  adjusting  the 
opening  for  the  admission  of  steam  to  the  cylinder,  which  in  some 
engbes  is  regulated  by  hand,  and  in  others  by  a  governor,  as  to 
which  see  Articles  65,  56,  page  63 :  also  pages  551  and  564. 

II.  The  steam  pipe  contains  sometimes  also  the  eul-off  valve  or 
exparmon  valve,  for  cutting  off  the  admission  of  the  steam  to  the 
cylinder  at  any  required  period  of  each  stroke  of  the  piston,  leaving 
the  remainder  of  the  stroke  to  be  performed  by  the  expansion  of 
the  steam  already  admitted. 

IIL  The  cylinder  may  be  single  or  double  acting.  In  a  single 
acting  engine,  the  jpiston  is  forced  in  one  direction  by  the  pressure 
of  the  steam,  and  made  to  return  in  the  opposite  direction  when 
the  steam  is  discharged  by  the  action  of  a  weight  or  counterpoise. 
In  a  double  acting  engine,  the  piston  is  forced  in  either  direction 
by  the  pressure  of  the  steam  which  is  admitted  and  discharged  a%  . 
either  end  of  the  cylinder  alternately. 

IV.  The  admission  and  discharge  of  the  steam  take  place 
through  o])enii)gs  near  the  ends  of  the  cylinder,  called  ports,  con- 
nected with  passages  called  nozzles,  which  are  opened  and  dosed 
by  induction  and  eduction  valves.  Sometimes  the  induction  and 
eduction  valves  are  combined  in  one  valve,  called  a  slide  valve. 
The  valves  are  contained  in  the  valve-chest, 

V.  In  non-condensing  engines  (conventionally  called  high  pressure 
engines),  the  waste  steam  discharged  from  the  cylinder  escapes  ioio 
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lie  atmoephere  through  the  Hosepipe;  in  locomotive  engines,  as  well 
A  some  others,  the  blast  pipe  is  placed  in  the  centre  of  the  chimnej, 
o  that  the  successive  blasts  of  steam  discharged  from  it  augment 
lie  draught  of  air  through  the  fumaoe,  and  cause  the  combustion 
»f  the  fuel  to  be  more  or  less  rapid,  according  as  the  engine  is  per- 
brming  more  or  less  work. 

TI.  The  cylinder  cover  has  in  it  a  gtuffiaig-box  for  the  passage  of 
lie  piston  rod;  in  large  engines  there  are  sometimes  more  than  one 
>iston  rod  and  stuffing-box,  and  sometimes  a  tubular  piston  rod, 
called  a  trunk.  The  cylinder  cover  is  also  provided  with  a  grease 
*x>ckj  to  supply  the  piston  with  unguent. 

VII.  In  many  large  engines,  there  is  a  spring  safety  valve, 
»lled  an  eecape  valvCy  at  each  end  of  the  cylinder;  the  chief  use  of 
ivhich  is  to  ducharge  water  which  may  condense  in  the  cylinder,  or 
3e  carried  over  in  the  liquid  state  from  the  boiler,  by  what  is  called 
jrimmg, 

VIII.  To  prevent  condensation  in  the  cylinder,  it  is  sometimes 
enclosed  in  a  casing,  called  a  jacket,  the  intermediate  space  being 
illed  with  hot  steam  from  the  boiler,  or  hot  air  from  a  flue  (see 
Article  286). 

IX.  Outside  the  jacket,  to  prevent  loss  of  heat  externally,  there 
is  a  clothing  of  felt  and  wood. 

X.  Double  cylinder  engines  have  two  cylinders;  the  steam  being 
idmitted  from  the  boiler  into  the  first  cylinder  and  then  filling  the 
second  by  expansion  from  the  first. 

XI.  The  ordinary  condenser  is  a  steam  and  air-tight  vessel  of  any 
convenient  shape,  in  which  the  steam  discharged  from  the  cylinder 
i.s  liquefied  by  a  constant  shower  of  cold  water  from  the  rose-headed 
injection  valve.     (As  to  the  Ejector-condenser,  see  page  553.) 

XII.  In  land  engines  the  injection  uxUer  comes  from  a  tank  called 
the  cold  well,  surrounding  the  condenser,  and  supplied  by  the  cold 
icater  pump;  in  marine  engines,  it  comes  directly  from  the  sea. 

XIIL  In  the  surface  condenser  the  steam  is  liquefied  by  being 
passed  through  tubes  or  other  narrow  passages  surrounded  by  cur- 
rents of  cold  water,  or  cold  air. 

XIV.  The  condenser  is  provided  with  hlow-ihrough  valves,  com- 
municating with  the  cylinder,  usually  shut,  but  capable  of  being 
occasionally  opened,  and  with  a  snWng  valve  opening  outwards  to 
the  atmosphero;  through  these  valves  steam  can  be  blown  to  expel 
air  from  the  cylinder  and  condenser  before  the  engine  is  set  to 
work. 

XV.  The  condenser  has  also  a  voicuum  gamge,  to  show  how  much 
the  presBuro  in  it  falls  below  that  of  the  atmosphere  (see  Article 
107  Ajpages  110,  111,  112). 

XVL  The  water^  the  small  portion  of  steam  which  remaina 

2i 
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unoondeiuedy  and  the  air  which  maj  be  mixed  with  it,  are  sncke 
fiymi  the  condenser  by  the  air  pump,  and  dischai^g^  into  the  k 
veUy  a  tank  from  which  the  feed  pump,  mentioned  in  Articles  3l 
and  316y  draws  the  supply  of  water  from  the  boiler.  The  aorpli 
water  of  the  hot  well  in  land  engines  is  dischaiged  into  a  pom 
there  to  cool  and  form  a  stoi'e  of  water  for  the  cold  well;  in  marii 
engines,  it  is  ejected  into  the  sea^ 

XyrL  In  all,  except  certain  peculiar  classes  of  engines,  there 
%paraUd  motion  for  guiding  the  head  of  the  piston  rod  to  move  j 
a  straight  line,  consisting  either  simply  of  straight  cheeks  or  goidf 
or  of  a  combination  of  levers  and  linkwork,  invented  by  Watt,  ai 
more  or  less  modified  by  others. 

XY III.  The  peculiar  class  of  engines  above  excepted,  are — ^firs 
t/nmk  engvnea  (including  Mr.  Hunt's  Z  crank  engine),  where  the  stu: 
ing-box  is  the  guide;  secondly,  oscillating  engines,  in  which  the  he:i 
of  the  piston  rod  is  directly  connected  with  the  crank,  and  tl 
cylinder  oscillates  on  trunnions;  thirdly,  disc  engines,  in  which  tl 
fdnctions  of  a  cylinder  are  performed  by  a  vessel  of  the  figure  of 
spherical  zone,  and  those  of  a  piston  by  a  disc  having  a  motion  « 
nutation  in  that  zone;  and  fourthly,  rotatory  engines,  in  which  tl 
piston  revolves  round  an  axis.  Trunk  engines  and  oscillator 
engines  are  of  common  occurrence  in  steam-ships.  The  Z  cran 
engine  has  not  been  tried  on  a  large  scale  Disc  engines  are  sai 
to  answer  well^  but  are  of  rare  occurrence  Botatory  engines  c 
various  kinds  have  been  often  tried,  but  seldom  with  good  results 

XIX.  In  single  acting  engines  for  pumping  water,  the  pum 
rods  are  worked  either  by  direct  connection  with  the  piston  rod,  c 
through  the  intervention  of  a  beam, 

XX.  In  double  acting  engines,  the  power  is  communicated  to 
revolving  shaft,  driven  by  means  of  a  crank  and  connecting  rod,  wit 
or  without  the  intervention  of  a  beam,     (In  oscillating  engines  th 
piston  rod  and  connecting  rod  are  one). 

XXI.  In  stationary  engines  the  shafb  carries  Skfly-vAed,  to  di- 
tribute  and  equalize  irregularities  in  the  action  of  the  power  bj  it 
inertia;  this  function  is  performed  in  marine  engines  by  the  inerti 
of  the  paddle-wheels  or  screw,  and,  in  locomotive  engines,  l^  th 

"^         inertia  of  the  driving-wheels  and  of  the  engine  itsel£ 

XXIL  The  feed  pump,  and  other  pumps  which  are  appendages  c 
the  engine,  are  worked  by  the  mechuiism;  so  also  are  die  inductioi 
and  eduction  valves,  through  what  is  called  the  valve  gearing  o 
valve  motion — a  part  of  the  machinery  which  is  under  the  control  r 
the  engineman,  and  so  contrived  as  to  enable  him  to  stop  au< 
reverse  the  motion  of  the  engines  at  will,  and  whose  forms  are  ver 
various, 

3  J&  OMiMacd  -Bnsfimmmi — ^Most  marine  and  looomotxve  engines 
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ind  many  stationary  engines,  have,  in  order  to  equalize  the  action 
3f  the  power,  a  pair  of  cranks  at  right  angles  to  each  other,  driven 
by  a  pair  of  pistons  in  21,  pair  of  cylinders,  with  their  appendages; 
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and  are,  in  fact,  pairs  of  engines.  In  some  cases,  engines  are  simj 
larly  combined  in  sets  of  t/treey  driving  three  cianks,  which  mak 
equal  angles  with  each  other.  As  to  the  effect  of  these  oomhiiui 
tions  on  steadiness  of  motion,  see  Article  52,  page  60. 

339.  Paits  •r  wn  Bn^iiM  iiumniicdL — Most  of  the  parts  enonic 
rated  in  Article  387  are  illustrated  in  fig.  130,  which  represents 
longitudinal  section  of  a  rotative  dotible-^icting  stationary  eondem 
ing  (or  low-pressure)  steam  engine.  That  kind  of  engine  i 
selected  because  the  arrangement  of  its  parts  is  well  suited  fo 
exhibiting  nearly  all  of  them  at  one  view.  Amongst  the  pari 
omitted,  for  want  of  room,  the  chief  are  the  beam  and  the  parallc 
motion,  which  will  be  illustrated  farther  ovl  The  main-centre,  o 
axis  of  the  beam,  is  above  the  pillar  D,  and  its  two  ends  are  respec 
tively  above  the  cylinder  A  and  shaft  L. 

A  is  the  cylinder,  with  its  jacket,  but  without  clotliing,  which  i 
a  defect  in  the  engine  represented. 

B,  the  piston,  with  three  metallic  packing-rings.  In  the  figur 
the  piston  is  supposed  to  be  moving  downwards,  pressed  by  th 
steam  which  is  enteiing  above  it 

C,  the  piston  rod. 

D,  one  of  the  pillars  of  the  frame, 
a,  steam  pipe,  with  throttle  valve. 
5,  valve  chest 

c,  slide  valve,  of  the  kind  called  a  "D-slidey*^  which  regulates  th< 
"  distribution'*  of  the  steam — ^that  is,  its  alternate  admission  ani 
discharge  above  and  below  the  piston. 

d^  exhaust-pipe,  leading  into 

E,  the  condenser. 

gy  injection  cock,  admitting  a  shower  of  cold  water  from  the  coIi 
well,  or  cold  water  tank,  into  the  condenser 

H,  air  pump,  the  piston  of  which  in  the  figiure  is  supposed  to  Ix 
descending. 

K,  Hot  well 

G,  connecting  rod,  in  the  act  of  rising. 

L,  shaft;  L  M,  ciank;  M,  crank  pin,  in  the  act  of  right-handed 
rotation  (sunilar  to  that  of  the  hands  of  a  watch). 

N,  feed  pump,  drawing  water  from  the  hot  well  K.  In  the 
engine  represented,  the  supply  pipe  from  the  hot  well  to  the  feed 
pump  traverses  the  cold  well  That  is  a  fault;  for  it  tends  to  heat 
the  condensation  water,  and  cool  the  feed  water. 

P,  feed  pipe  of  the  boiler. 

Q,  cold  water  pump. 

R,  eccentric  rod,  which  receives  a  reciprocating  motion  from  an 
eccentric  wheel  on  the  shaft  L,  and  communicates  that  motion  to 
the  slide  valve  e. 
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S,  governor,  being  a  double  revolving  pendulum  of  the  kind  men- 
tioned in  Article  55,  page  63.  It  is  seen  to  act  on  a  small  lever  ' 
whose  axis  turns  in  bearings  fixed  to  the  pillar  D.  The  links  and 
intermediate  levers  by  which  the  motion  of  that  lever  is  communi- 
cated to  the  throttle  valve  are  not  shown,  their  arrangement  being 
a  matter  of  convenience. 

Section  2. — 0/ Steam  FasMgeSf  Valves,  and  Valve  Gearing. 

340.  Steam  PaoMicea. — The  principle  which  ought  to  regulate 
the  size  of  the  steam  pipe,  and  of  aU  passages  by  which  the  steam 
is  admitted  to  the  cylinder,  has  already  been  stated  in  Article  290, 
page  414,  viz.,  that  the  velocity  of  the  steam  should  not  be  greater 
than  100  feet  per  second,  or  6,000  feet  per  minute,  supposing  its 
density  to  be  the  same  in  the  steam  pipe  and  in  the  cylinder  during 
the  admission. 

To  permit  the  ready  escape  of  the  steam  during  the  back  stroke, 
the  exhaust  pipe  should  be  of  at  least  double  the  area  of  the  steam 
pipe. 

For  the  sake  of  simplicity,  it  is  an  almost  universal  practice  to 
make  the  steam  enter  and  leave  a  given  end  of  the  cylinder  through 
the  same  port  Mr.  Joule  has  pointed  out  that  this  practice  tends 
to  the  waste  of  heat,  especially  with  high  rates  of  expansion; 
becanse  the  cool  expanded  steam,  in  escaping,  cools  the  metal  of 
the  port,  which  is  again  heated  at  the  expense  of  the  heat  of  the 
next  cylinderful  of  hot  steam  that  enters;  and  all  the  heat  so  trans- 
ferred from  the  entering  to  the  escaping  steam  is  wasted.  Mr.  Joule 
therefore  recommends  the  use  of  separate  admission  and  eochaust 
ports, 

341.  ThMtfic  Taire* — When  the  throttle  valve  is  controlled  by 
a  governor,  it  is  usually  a  disc-and-pivot  valve  (as  to  which,  see 
Article  119,  page  123,  and  fig.  40,  page  140,  XJ,  Y);  because  that 
valve  is  easily  moved. 

A  throttle  valve  to  be  controlled  by  hand  may  be  a  disc-and- 
pivot  valve,  or  an  ordinary  slide  valve  moved  by  a  screw  (Article 
120,  page  124),  or  a  rotating  slide  valve  (Article  120,  page  125),  or 
a  oonioil  valve  moved  by  a  screw  (Article  121,  pages  125,  126). 
The  last  named  form  of  throttle  valve  is  now  much  used  in  locomo- 
tive engines,  and  will  be  illustrated  in  a  subsequent  Article. 

342.  €o«l««l  aad  Doable  Beat  Wwdrem,  —  In  Watt*S  earlier 
engines,  conical  valves  with  vertical  spindles  (Article  112,  page 
118)  were  used  to  regulate  the  distribution  of  the  steam.  Now 
d<nMe  beat  valves  (Article  116,  pages  121,  122,  figs.  33,  34)  are 
used  in  all  cases  in  which  the  slide  -^ve  is  not  employed. 

In  a  single  acting  engine,  there  are  three  such  valves,  viz. : — 
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I.  The  steam  valve,  which  opens  at  the  beginning  of  the  forvn 
stroke  to  admit  steam  to  drive  the  piston,  and  closes  to  cut  cff  \ 
steam  at  the  proper  instant 

II.  The  eqwlibrivm  valve,  which  is  closed  during  the  forwi 
stroke,  and  open  during  the  return  stroke,  the  expanded  stei 
being  then  transferred  through  it  from  the  one  end  of  the  cylinc 
to  the  other. 

III.  The  eduction  valve,  which  is  closed  during  the  return  strol 
and  open  during  the  forward  stroke,  to  let  the  steam  in  front 
the  piston  escape  to  the  condenser. 

In  a  double  acting  engine,  there  are  four  valves,  one  pair  i 
each  end  of  the  cylinder,  and  each  of  these  pairs  consists  of — 

L  A  steam  valve,  opening  at  the  beginning  of  each  forws 
stroke,  and  closing  to  cut  off  the  steam  at  the  proper  instant 

II.  An  eduction  valve,  closed  during  the  forward  stroke,  a 
open  during  the  return  stroke,  to  let  the  steam  escape  to  the  oc 
denser. 

343.  Piac  B«d  and  Tai^pcts. — ^The  motions  of  conical  and  doul 
beat  valves,  in  single  acting  engines,  and  in  some  double  acti 
engines  also,  are  produced  by  means  of  a  "plug  rod,'*  which  ban 
vertically  from  the  beam  of  the  engine,  near  the  cylinder,  and  ris 
and  falls  vertically  along  with  the  piston.  From  its  sides,  suitali 
formed  pins  and  bars  project,  whose  positions  can  be  adjusted  1 
screws;  and  these  projecting  pieces,  stiiking  levers  at  certa 
instants  in  the  course  of  each  stroke,  produce  the  required  moti( 
of  the  valves. 

In  single  acting  engines,  the  exhaust  valve  and  the  steam  val^ 
are  not  opened  directly  by  the  action  of  the  plug  rod,  but  by 
piece  of  mechanism  called  the  "  cataract,"  of  the  nature  of  a  pun 
brake,  already  referred  to  in  Article  50,  page  58.  It  oonsis 
principally  of  a  small  loaded  piston,  moving  in  a  vertical  cylind< 
which  contains  water  or  oil.  At  the  end  of  the  forward  stroke  < 
the  engine,  a  pin  projecting  from  the  plug  rod  lifts  the  catanu 
piston.  That  piston,  on  being  set  free,  descends  with  a  speed  whic 
is  determined  by  the  degree  of  opening  of  the  regulating  coc 
through  which  the  liquid  below  it  is  discharged ;  and  towards  tb 
end  of  its  descent  it  acts  successively  upon  two  catches  whic 
liberate  weights  that  in  their  descent  open  the  exhaust  valve  an< 
the  steam  valve.  Thus,  by  varying  the  opening  of  the  r^ulatin 
cock  of  the  cataract,  the  engine  can  be  caused  to  make  more  o 
fewer  strokes  per  minute. 

The  arrangement  of  the  valve  motions  of  single  acting  engine 
Liiay  be  varied  in  its  detail.  One  of  its  forms  will  be  illustrated  ij 
a  sui^sequent  Article. 

d4:4#.  Slide  Valves,  on  account  of  the  simplicity  of  their  action 
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and.  smoothness  of  their  motion,  are  almost  imiversally  employed 
in.  £Iiirope  for  the  distribution  of  the  steam  in  double  acting  engines. 
'  The  secU  of  a  steam  engine  slide  valve  consists  usually  of  a  very 
ax^cvirate  plane  surface,  in  which  are  oblong  openings  or  ports. 
Xliese  are  at  least  two  in  number ;  one  communicating  with  each 
end  of  the  cylinder.  The  seat  of  the  short  slide  valve  has  a  third, 
or  eschatist  port,  between  the  first  two,  which  is  the  passage  for  the 
esca^pe  of  the  exhaust  steam.  In  some  special  forms  of  engine 
the  ports  are  more  numerous  still. 

The  lo7ig  slide  valve,  or  D-slitle,  represented  by  c  in  fig.  130,  and 
\>y  figs.  131,  132,  and  133,  might  also  be  classed  as  a  sort  of  hollow 


Fig.  181. 


Fig.  132. 


Fig.  133. 


or  tubular  piston  valve;  for  the  back  of  the  valve,  which  is  semi- 
cylindrical,  is  made  to  move  steam-tight  at  its  top  and  bottom  in 
the  semi-cylindrical  valve  chest,  by  means  of  two  half-rings  of 
metallic  packing. 

Fig.  131  shows  a  vertical  section  of  the  valve,  separate  from  the 
valve  chest  and  cylinder,  c,  c,  are  the  two  portions  of  which  its 
plane  face  consists :  at  its  back  near  the  top  and  bottom  are  seen 
sections  of  the  packing  haLf-rings.  The  valve  rod  is  shown  passing 
down  through  the  tubular  interior  of  the  valve,  and  attached  to  a 
cross  bar  at  the  bottom.  This  bar  is  fiat  and  thin,  and  placed  with 
its  breadth  vertical,  so  as  to  contract  as  little  as  possible  the  passage 
through  the  interior  of  the  valve.  Figs.  132  and  133  are  vertical 
sections  of  the  cylinder,  valve  chest,  and  valve.  The  steam  is 
admitted  through  the  steam  pipe  and  throttle  valve  to  the  middle 
part  of  the  valve  chest,  which  surrounds  the  tubular  part  of  the 
valve.  The  two  ends  of  the  valve  chest  communicate  with  the 
condenser,  the  lower  end  directly,  and  the  upper  end  through  the 
interior  of  the  tubular  part  of  the  valve. 
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In  fig.  133,  the  valve  is  in  its  highest  position:  the  middle  pari 
of  the  valve  chest  commiinicates  with  the  tap  of  the  cjiinder, 
admitting  steam  to  drive  the  piston  dowmoa/rd;  the  bottom  of  the 
cylinder  commnnicates  with  the  bottom  of  the  valve  chesty  aad  st 
with  the  condenser. 

In  fig.  132,  the  valve  is  in  its  lowest  position :  the  middle  part  of 
the  valve  chest  commimicates  with  the  bottom  of  the  cylinder^ 
admitting  steam  to  drive  the  piston  upward:  the  top  of  the 
cylinder  communicates  with  the  top  of  the  valve  chest,  and  tkenoe 
through  the  tubular  interior  of  the  valve,  with  the  condenser. 

The  short  dide  valve  is  represented  in 
figa  134,  135, 136, 137,  and  13a  Fig. 

134  is  a  longitudinal  section  of  the 
valve  and  its  seat  The  cylinder  is 
supposed  to  be  vertical :  d  is  the  slide 
valve;  a  the  upper  and  c  the  lower 
cylinder  port;  b  the  exhaust  port, 
leading  sideways  to  the  condenser,  or 
to  the  air,  according  as  the  engine  is 
condensing  or  non- condensing.     Fig. 

135  is  a  front  view  of  the  valve  seat 
and  ports;  fig.  136,  the  face  of  the 
valve.  The  steam  is  admitted  from 
the  boiler  into  the  valve  chest,  round 
and  behind  the  valve.  In  fig.  134,  the 
valve  is  in  its  middle  position,  and 
both  the  cylinder  ports  are  closed.  In 
fig.  138,  the  valve  is  depressed  so  far 
below  its  middle  position  as  to  open 
the  upper  port  for  the  admusiion  of 
steam  above  the  piston;  while  at  the 

same  time  the  lower  port  is  connected  through  the  interior  of  the 
valve  with  the  exhaust  port,  so  as  to  allow  the  steam  from  below 
the  piston  to  escape  as  the  piston  descends.  In  fig.  137,  the  valve 
is  raised  so  high  above  its  middle  position  as  to  open  the  lower 
port  for  the  admission  of  steam  below  the  piston;  while  at  the 
same  time  the  upper  port  is  connected  through  the  interior  of  the 
valve  with  the  exhaust  port,  so  as  to  allow  the  steam  from  above 
the  piston  to  escape  as  the  piston  rises. 

The  shortslide  valve  is  pressed  againstits  seat,  and  the  joint  between 
it  and  its  seat  kept  steam-tight,  by  the  excess  of  the  pressure  of  the 
stc».m  in  the  valve  chest  behind  the  valve,  which  comes  from  the 
boiler,  above  the  pressure  of  the  steam  in  the  interior  of  the  valve, 
which  communicates  with  the  condenser  or  with  the  atmosphere,  as 
the  case  may  be. 


Fig.  134. 
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In  large  engines,  the  amount  of  that  difference  of  pressure,  over 
ihe  whole  area  of  the  face  of  the  valve,  would  be  unneceasarilj  great. 


Fig.  188.  Fig.  187. 

causing  too  much  work  to  be  lost  in  overcoming  friction.  To 
diminish  its  amount  is  the  object  of  the  contrivance  called  the 
equilibrium  dide  vcUve,  in  which  the  interior  of  the  back  of  the 
valve  chest  is  a  true  plane,  parallel  to  that  of  the  valve  seat;  and 
the  back  of  the  valve  is  provided  with  a  flat  brass  packing-riug, 
which  is  pressed  against  the  back  of  the  valve  chest  by  springs. 
The  amount  of  the  pressure  of  the  valve  against  its  seat  due  to 
^e  pressure  of  the  steam  from  behind,  is  the  product  of  the  inten- 
sity of  that  pressure  into  the  excess  of  the  area  of  the  face  of 
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the  Talve  above  the  area  of  the  paddng-ring  at  its  back,  acmd  ma 
\)e  reduced  to  any  required  amount,  how  amall  soever,  by  makin 
that  ring  large  enough. 

34().  £cceBiric.— It  is  obvious  that  to  produce  the  proper  distii 
bution  of  the  steam  by  a  slide  valve,  whether  long  or  short,  th 
valve  must  have  a  reciprocating  motion  of  such  a  nature  a 
to  bring  it  to  the  ends  of  its  stroke,  being  its  greatest  distance 
from  its  middle  position,  at  periods  intermediate  between  those  a 
which  the  piston  reaches  the  ends  of  its  stroke.  The  eccentric 
(fig.  139),  which  is  used  to  give  that  motion,  is  a  circular  disc  cai 
ri^  by  the  shaft,  with  whose  axis  the  centre  of  the  disc  does  nc 


Fip.  139. 


coincide.  It  is  equivalent  to  a  crank  whose  length  is  equal  to  th 
eccentric  radius;  that  is,  the  line  joining  the  centre  of  the  disc  an 
the  axis  of  the  diaft ;  and  being  encircled  with  a  hoop,  6,  at  one  en<l  i 
the  eccentric  rod,  a,  it  gives  to  that  rod  a  reciprocating  motioi 
whose  length  of  stroke  is  the  double  of  the  eccentric  radius.  Th 
eccentric  rod  is  either  directly  jointed  to  the  slide  valve  rod,  or  cuu 
nected  with  it  by  any  convenient  combination  of  levers  and  link 
work.  One  such  arrangement  is  shown  in  figs.  137  and  138,  c 
Article  394,  where  c  is  the  piston  rod;  I,  the  connecting  rod;  k,  th 
crank;  m,  the  eccentric;  n,  the  eccentric  rod;  o,  p,  levers;  p  «,  i 
link;  h,  the  slide  valve  rod. 

The  notch  opposite  the  letter  a,  in  fig.  189,  i^  the  gab  of  th* 
eccentric  rod,  by  which  it  holds  a  pin  on  Sie  end  of  the  lever  tha 
is  directly  driven  by  it  (as  o,  figs.  137,  138).  By  means  of  t 
handle  on  the  end  of  the  eccentric  rod,  the  gab  and  pin  can  be  did 
engaged  and  re-engaged,  so  as  to  throw  the  valve  motion  "mU  a 
gea/ring^  and  "into  gearing,^  and  thus  make  the  slide  valve  stop  and 
resume  its  motion  when  required. 
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In  many  engines  a  different  contriyance  is  used^  called  the  *Hink 
motion"  to  be  afterwards  described. 

346.  BeTCMiBf  ibr  the  Kioom  Eccentric— To  reverse  the  direction 
of  rotation  of  the  shaft  of  a  steam  engine,  the  piston  must  be  made 
to  come  to  rest  and  then  to  move  the  reverse  way,  before  complet- 
ing a  stroke,  and  the  eccentric  must  assume  that  position  relatively 
to  the  crank  which  is  proper  for  working  the  slide  valve  when  the 
rotation  of  the  shaft  is  reversed.  That  position  (or  the  position  of 
hackuxvrd  getMr)  is  somewhat  less  than  half  a  circumference  from  the 
position  oi  forwa/rd  gear^  measured  round  the  shaft  in  ike  direction 
of  forward  rotcUum,  To  bring  the  eccentric,  therefore,  into  back- 
ward gear,  it  is  sufficient  to  cause  it  first  to  stand  still  while  the  shaft 
nearly  finishes  the  first  half-turn  backwards,  and  then  to  accom- 
jMiny  the  shaft  in  its  rotation. 

In  most  stationary  engines,  and  many  marine  engines,  those 
objects  are  effected  by  having  the  eccentric  loose  on  the  shaft,  and 
so  counterpoised,  that  its  centre  of  gravity  shall  be  in  the  axis  of 
the  shaft;  but  prevented  from  turning  completely  round  by  means 
of  two  shoulders,  one  of  which  holds  it  in  the  position  of  forward 
gear,  and  the  other  in  that  of  backward  gear;  care  being  taken  that 
the  motion  of  the  loose  eccentric  round  the  shaft  shall  be  /ortoards 
to  go  from  forward  into  backwaixl  gear,  and  backwa/rda  to  go  from 
backward  into  forward  gear. 

To  reverse  an  engine  with  a  loose  eccentric,  the  gab  is  to  be  dis- 
engaged from  its  pin  and  the  slide  valve  shifted  by  hand  if  neces- 
sary. When  the  shaft  has  made  part  of  a  turn  backwards  the  gab 
is  to  be  re-engaged. 

For  example,  in  ^.  137,  the  piston  is  rising,  and  the  shaft 
turning  toward  the  right.  To  reverse  that  rotation  the  gab  is  dis- 
engaged, and  the  slide  valve  shifted  into  the  position  shown  in 
^g.  138;  so  that  steam  from  the  boiler  being  admitted  to  press  on 
the  top  of  the  piston,  brings  it  to  rest  before  it  has  completed  its 
up  stroke,  and  then  drives  it  downwards,  so  as  to  make  the  shaft 
rotate  towards  the  left.  During  the  left-handed  rotation  the  eccen- 
tric stands  stiU  until  it  is  in  the  position  of  backward  gear :  then 
the  gab  is  re-engaged  with  its  pin,  the  slide  valve  resumes  its 
motion,  and  the  left-handed  rotation  goes  on  till  the  engine  is 
stopped,  or  reversed  again  by  the  same  process. 

According  to  a  mode  of  reversing  by  the  loose  eccentric,  used  by 
Messrs.  Bandolph,  Elder,  &  Co.,  the  eccentric,  instead  of  standing 
still  till  the  engine  has  turned  back,  is  made  by  a  combination  of 
wheelwork,  to  overtake  or  otUrun  the  shaft  while  the  engine  is 
moving  forward,  until  it  reaches  the  position  of  reverse  gearing; 
and  the  reversal  of  the  motion  of  the  engine  follows. 

347.  I^ead  and  I^ap— ExpABslon  hy  the  Slide  Yalvv. — ^The  lead  of 
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the  centre  of  tJie  dide  is  the  distance  to  which  it  has  passed  beyoo 
the  middle'  of  its  stroke  at  the  instant  when  the  piston  arrives  i 
either  end  of  its  stroke. 

The  lead  of  the  inducUanredffe  of  the  slide  is  the  extent  to  whic 
the  port  is  open  for  admission  of  steam  at  the  same  instants 

The  amount  of  the  lead  of  the  centre  of  the  slide  may  I 
measured  and  expressed  in  three  ways,  viz. ; — 

I.  In  absolute  measure^  such  as  inches. 

II.  By  the  propartum  of  the  absolute  lead  to  the  half-throw  < 
the  slide  valve.     This  may  be  called  the  ratio  o/lead. 

III.  By  the  angle  at  which  the  eccentric  radius  stands  in  advanc 
of  the  position  which  it  would  require  to  have  relatively  to  tli 
crank,  in  order  to  make  the  middle  position  of  the  side  valve  occc 
at'  the  same  instant  with  the  end  of  the  piston  stroke.  This  ma 
be  called  the  angle  of  lead. 

When  a  loose  eccentric  has  no  lead,  its  positions  of  forward  an 
backward  gear  are  half  a  circumference  apart  When  it  has  leac 
the  angle  between  those  positions  is  half  a  circumference  less  twic 
the  angle  of  lead 

If  the  eccentric  rod  is  so  long  relatively  to  the  ecoentn 
radius,  that  the  effect  of  its  varying  obliquities  on  the  positions  c 
the  points  it  connects  may  be  neglected  in  practice,  the  followi^ 
equation  is  sensibly  accurate : — 

Jiatio  o/lead  of  centre  =  sine  of  angle  o/lead; (1.) 

and  in  other  cases  the  same  equation  always  gives  at  least  a 
appi-oximation  to  the  truth. 

The  angle  of  lead  may  be  stated  either  in  d^^rees,  or  as  a  irac 
tion  of  a  revolution. 

The  lap,  or  cover,  of  a  slide  valve  at  one  of  its  edges  is  the  exten 
to  which  ^at  edge  overlaps  the  adjoining  edge  of  the  port  whicJ 
it  covers  when  the  slide  valve  is  in  its  mid<Se  position.     In  fig 
134  of  Article  344,  the  slide  valve  has  a  very  small  and  nearl] 
equal  extent  of  lap  at  each  of  its  four  edges 
Fig.  140  is  a  section  of  the  lower  half  of  a  verti 
cal  slide  valve  and  its  port  having  a  greater  exteni 
of  lap ;  W  is  the  lower  port  of  a  cylinder;  X,  th< 
lower  half  of  the  slide  valve,  in  its  middle  posi- 
tion; U  is  the  induction  side,  and  V  the  edve- 
turn  side  of  the  port;  C  is  the  inducHon  edge,  and 
F!g.  140.  p  the  eduction  edge  of  the  valve;  U  C  is  the  ^ 

ontJt^  induction  tide,  and  V  f  the  lap  on  the  eduction  eide. 
Lead  o/ths  indueUon-edge  of  the  valve  =  lead  of  centre  -  lap;  (1  jl) 
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and  tbis  is  what  is  meant  when  '*  lead  "  is  spoken  of  without  quali- 
£cation. 

The  lap,  like  the  lead,  may  be  expressed  in  three  ways,  viz. : — 

I.  In  absolute  measure,  as  inches. 

IL  By  its  proportion  to  the  half-ilvrau)  of  the  slide  valve,  which 
may  be  called  the  raiio  of  lap, 

III.  By  the  angle  through  which  the  eccentric  must  turn,  in 
order  to  shift  the  valve  from  its  middle  position  until  the  edge  of 
the  valve  whose  lap  is  considered  touches  the  edge  of  the  port — 
tbis  may  be  called  the  angle  of  lap. 

When  the  obliquity  of  the  eccentric  rod  may  be  neglected,  we 
have,  sensibly. 


ratio  of  lap  =  sine  of  a^le  of  lap. 


.(2.) 


The  use  of  the  lead  and  lap  of  the  slide  valve  is  to  admit  the 
steam,  cut  off  the  admission,  and  cut  off  the  exhaust,  at  given 
instants  of  the  stroke  of  the  piston,  and  so  to  produce  expansive 
working  with  a  given  ratio  of  expansion,  and  to  compress  or 
cushion  a  given  proportion  of  the  expanded  steam  at  the  end  of  the 
return  stroke. 

When  the  cbUquity  of  the  connecting  rod,  as  well  as  that  of  the 
eccentric  rod,  may  he  neglected,  the  following  are  methods  by  which 
the  proper  lead  and  lap  of  the  slide  valve  in  any  case  may  be 
determined : — 

First  Method  : — By  graphic  construction.  About  a  centre  O 
describe  a  circle  D  E  F  I,  and  draw  two 
diameters  at  right  angles  to  each  other, 
W¥,  STL  Consider  DT  as  represent- 
ing the  stroke  of  the  piston;  and  Hi  I 
(though  on  a  different  scale),  the  throw 
of  the  slide  valve ;  and  let  motion  of  the 
piston  from  D  to  F  be  considered  as  a 
forward  stroke. 

It  is  sometimes  considered  desirable 
to  begin  the  adniission  of  steam  a  little 
before  the  end  of  the  return  stroke.  If 
so,  let  Q  represent  the  point  of  the 
return  stroke  where  the  admiaeion  is  to  begin.  If  the  admission 
and  the  forward  stroke  are  to  begin  together,  Q  will  coincide 
withD. 

Let  R  be  the  point  of  the  forward  stroke  where  the  steam  is  to  be 
cutoff. 

Let  T  be  the  point  of  the  retui-n  stroke  where  eompreasion  or 
eusfdomng  is  to  b^;in,  by  cutting  off  the  exhaust.     As  to  the  prin- 
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ciples  vrhich  determine  that  point,  see  Article  291,  Division  ITL, 
page  420.  These  being  the  data,  the  solution  consists  of  two  part-:, 
as  follows : — 

L  To  find  the  angle  o/lead,  and  the  lap  on  the  vnductum  side: — 
Draw  Q  A,  R  G,  perpendicular  to  D  F,  cutting  the  circle  in  A,  G : 
measure  or  bisect  the  arc  A  G;  from  £  lay  off  the  equal  arcs  £  £, 

EH,  each  «  ?£2A5i.  join  B  H,  which  will  be  paiaUel  to  D  F. 

Then 

The  angle  of  lead  =  ^AOB  =  ^GOH; (3.) 

Lap  on  the  induction  side  _  ^  ^ /4  \ 

half-throw  "  CTl 

IL  Tofimd  the  lap  on  tlie  eduction  aide  and  the  paint  o/release: — 
Draw  T  M  peipendicular  to  D  F,  cutting  the  circle  in  M,  from 
which  lay  off  the  arc  M  N  =  arc  A  B.  Draw  N  L  parallel  to  D  F, 
cutting  O I  in  P;  then 

Lap  on  the  eduction  side _ 0^ ^  /^ \ 

half-throw  OE 

from  L  lay  off  the  ore  L  K  =  arc  AB,  and  from  K  let  fell  K  S 
perpendicidar  to  D  F;  then  will  S  represent  the  point  ofrdea^ 
during  the  forward  stroke  of  the  piston,  where  the  valve  begins  u> 
open  on  the  eduction  side.  As  to  the  effect  of  release^  see  Article 
291,  Division  IV.,  page  421. 

SECom)  Method: — ^By  trigonometrical  calculatioiL 

Data: —  Advance  of  admission  _  PQ  =  i . 

Stroke  of  piston         DF     ^' 

DR     1. 
fiatio  of  actual  cut-off  =  g=|i  =  P' 

^    .      m.      , .     .          D  T      1 
Batio  of  cushioning  = =  ji 

DF    ^ 


BxsuLTS: — 


Half-throw  of  slide  valve,  O  H 
Let  angle  of  lead  s=  a; 


(6.) 
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angle  of  lap  on  induction  side^  =  h'; 
angle  of  lap  on  eduction  side,  =&';  then 

a  — 6'  =  co8-^(l  — ?);a  +  6'  =  co8-'(?-l); 

a  +  6"  =  co8-»  (l  — ^); 

in  computing  which  three  arcs,  it  is  to  be  remembered  that  a  negcb- 
live  cosirie  corresponds  to  an  obtuse  angle.  This  being  done,  we 
have — 

^^ia+y^  +  ia-V),  y^('>+y)-(«-^').y^(,+5-)-a;(7.) 

andalflo, 

lap  on  induction  side,  0  C  =  0  E  •  sin  6'; )  ^g . 

lap  on  eduction  side,  0P  =  0~E~sin6'';  J ^  "^ 

Fraction  of  stroke  at  which  release  occurs, 

■DH     l  +  cos(a—¥)  .^. 

DF=  2  ^^'^ 

When  U  ia  necesaary  to  take  into  account  the  dbliqwUy  of  the  conr 
necUng  rod  and  of  the  eccentric  rod,  use  one  or  other  of  the  foregoing 
approximate  methods  to  find  the  angle  of  lead.  Then  make  an 
accurate  skeleton  drawing,  on  a  sufficiently  large  scale,  showing,  in 
the  first  place,  the  crank  in  a  series  of  equidistant  angular  positions. 
The  lead  being  known,  will  enable  the  corresponding  positions  of  the 
eccentric  radius  to  be  laid  down.  Draw  the  centre  line  of  the  pis- 
ton rod,  and  that  of  the  slide  valve  rod,  upon  which,  by  means  of 
the  known  lengths  of  the  connecting  rod,  eccentric  rod,  and  other 
intermediate  pieces  of  the  mechanism,  lay  down  the  positions  of  the 
piston,  and  of  the  slide  valve  corresponding  to  the  given  series  of 
positions  of  the  crank  and  eccentric.  The  number  of  positions  em- 
ployed 18  usually  from  twelve  to  twenty-four,  and  they  are  num- 
bered on  the  drawing  in  their  order  of  succession. 

Then  draw  to  the  same  scale  a  diagram  in  the  following  manner  (fig. 
142): — Draw  a  pair  of  rectangular  axes  D  F,  EI,  bisecting  each 
other  in  0.  Make  OD  =  O  F  =  the  half  stroke  of  the  piston,  and 
aE  =  OT=the  half-throw  of  the  slide  valve.  On  DF,  which 
represents  the  stroke  of  the  piston,  mark  points  corresponding  to  the 
series  of  successive  positions  of  ^e  piston  found  by  means  of  the 


496 


STEAK  AKD  OTHER  HEAT  EVGIVIS. 


skeleton  drawing ;  and  from  those  points  lay  off  ordinates  ponlld 
to  E I^  upwards  or  downwards  as  the  case  may  be  (such  as  A  (^ 


Fig.  142. 

T  M,  &c)f  representing  the  corresponding  saooessiye  distances  of  th* 
slide  Tslve  from  its  middle  position,  as  e£own  by  the  skeleton  draw 
ing.  Through  the  ends  of  ^ese  ordinates  sketch  a  cm-ve  MAGE 
which  will  be  an  oval,  approaching  more  or  less  nearly  to  an  elliptic 
figure,  inscribed  in  the  rectangle  whose  axes  are  D  F,  E  L 

Then  mark  the  required  points  of  cut-off  B,  and  commencemeDi 
of  cushioning  T ;  draw  the  ordinates  R  G,  T  M,  perpendicular  U 
J)  F,  cutting  the  oval  in  G,  M.     Then 

The  required  lap  on  the  induction  side  =  B  G ; ) 

,,  „        eduction  tdde   =  T  M.  j 

Further,  draw  G  A  and  M  K  parallel  to  D  F,  cutting  the  oval  ii 
A  and  K,  from  which  points  let  fall  on  D  F  the  perpendicular 
A  Q^  K  S.  Then  will  Q  be  the  point  of  the  stroke  at  which  th 
admission  begins,  and  S  the  point  of  release.  (See  Clark  On  Rati 
v>ay  McLckinery;  Zeuner's  Schieberateaerungen;  Eankine's  RuJU 
and  Tahlesy  page  298;  Bankine  On  Shipbuilding^  page  28  L) 

Sometimes  in  the  vertical  cylinders  of  marine  engines,  the  lap  o 
the  slide  valve  on  the  induction  side  is  made  less  for  the  lowei 
than  for  the  upper  port  The  effect  of  this  is  to  cut  off  the  stean 
later,  and  to  have  a  less  ratio  of  expansion,  and  a  greater  meaz 
effective  pressure,  during  the  up  stroke  than  during  the  dowi 
stroke.  The  object  is  to  equalize  the  energy  exerted  on  the  crani 
during  the  up  and  down  strokes;  and  to  attain  that  object  per 
fectly,  the  difference  of  the  mean  effective  pressures,  multiplied  b; 
the  area  of  the  piston,  should  be  equal  to  twice  the  weight  of  the 
piston,  piston  xod,  and  connecting  rod,  which  weight  assists  the 
down  stroke,  and  opposes  the  up  stroke. 

348.  The  Uak  9ioti«B,  which  was  first  used  in  the  locomotive 
engines  of  Mr.  Bobert  Stephenson,  is  an  arrangement  of  slide  valve 
gear  for  reversing  engines,  and  varying  the  rate  of  expansion  at 
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"wilL  lis  general  arrangement  is  represented  in  the  sketcH,  fig. 
143.  In  subsequent  figures  it  will  be  shown  in  its  place  in  loco* 
motive  and  marine  engines. 

F  is  the  forward  eccentric, 
and  E  the  hackwa/rd  eccentric, 
being  a  pair  of  eccentrics  faced 
on  the  shaft  in  the  position 
suitable  for  working  the  slide 
valve  during  forward  and  back- 
•ward  motion  of  the  engine  re-  _ 

spectively.    The  angle  between  -g^^  148, 

the  two  eccentric  radii  is  the 
sujyplemenl  of  twice  Ike  angle  of  lead.  01  is  the  forward  eccentric 
rod ;  G  the  backward  eccentric  rod.  The  ends  of  those  rods  are 
jointed  to  the  two  ends  of  a  piece  h  h\  called  the  link,  containing  a 
slot,  in  which  a  stud  or  slider,  on  the  end  of  the  slide  valve  rod  a, 
is  capable  of  shifting  into  different  positions;  e^  is  a  rod  by  which 
the  link  hangs.  In  some  cases  the  centre  e  is  fixed,  and  the  valve 
rod  is  jointed,  so  that  the  slider  on  ite  end  can  be  moved  to  different 
positions  in  the  link;  and  then  the  figure  of  the  link  is  an  arc  of  a 
circle,  whose  radius  is  the  length  of  the  shifting  portion  of  the 
valve  rod.  In  other  cases  (of  which  the  figure  is  an  example),  the 
centre  e  is  capable  of  being  shifted,  so  as  to  move  the  link  into 
different  positions  while  the  valve  rod  is  at  rest  laterally;  and  then 
the  figure  of  the  link  is  an  arc  of  a  circle  whose  radius  is  equal  to  the 
effective  length  of  each  eccentric  rod.  In  Mr.  Allan's  form  of  the 
link  motion,  half  of  the  shifting  is  produced  by  moving  the  link  in 
one  direction,  and  the  other  half  by  moving  the  stud  of  the  valve 
rod  in  the  opposite  direction;  and  in  that  form  the  link  is  straight. 
The  link  motion  is  very  much  varied  in  its  details  by  different 
locomotive  and  marine  engineers. 

In  the  figure,  the  link  hangs  by  the  rod  eg  from  one  arm  of  the 
lever  edrit,  balanced  by  a  counterpoise  on  the  opposite  arm.  dcv& 
a  transverse  arm,  connected  by  a  rod  cf  with  the  reversing  handle 
of  the  engine,  which  acts  by  means  of  a  lever,  or  of  a  screw. 

In  the  figure,  the  motion  of  the  slide  valve  is  produced  by  the 
action  of  the  forward  eccentric  alone,  and  the  engine  is  said  to  be 
in  fuU  forward  gear.  The  steam  is  cut  off  at  a  point  depending 
on  the  lap,  the  lead  of  the  forward  eccentric,  and  a  throw  equal 
to  twice  the  eccentric  radius. 

When  the  link  is  shifted  so  that  the  stud  of  the  valve  rod  is  at 
the  opposite  end  b  of  the  link,  the  motion  of  the  valve  is  produced 
by  the  action  of  the  backwaitl  eccentric  alone,  and  the  engine  is 
said  to  be  in  fuU  backward  gear.  The  steam  is  cut  off  at  a  point 
de2?ending  on  the  lap,  lead^  and  throw^  as  beforo. 

2k 
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For  any  intermediate  relative  position  of  the  link  and  rtadp  H 
motion  of  the  slide  valve  is  produced  hj  the  joint  action  of  tl 
forward  and  backward  eccentrics,  according  to  a  law  which  may  1 
approximately  represented  as  follows : — at  any  given  instant,  let 
hie  the  velocity  which  the  valve  would  receive  if  in  full  forwai 
gearing,  v"  the  velocity  which  it  would  receive  if  in  full  backwai 
gearing ;  and  let  velocities  in  contrary  directions  be  distinguish< 
as  positive  and  negative;  also  let  r  be  the  distance  of  the  sti 
from  the  forward  end,  and  T  its  distance  from  the  backward  ei 
of  the  link;  then  the  actual  velocity  of  the  valve  at  the  giv< 
instant  is 

rv'+iv'  ... 

^=   r+f  ^^-^ 

To  find  eoeadly  the  motions  of  the  slide  valve  produced  1 
different  relative  positions  of  the  link  and  stud,  a  skelet 
drawing  of  the  mechanism  is  to  be  made  on  a  sufficiently  \at 
scale,  as  in  the  process  described  in  the  last  Article.  (S 
authorities  there  cited;  also  Bankine  on  Machiriery^  pa 
253.) 

A  useful  approximation  to  the  motions  of  the  val^ 
when  the  stud  is  in  any  given  position  relatively  to  H 
link,  is  as  follows : — Let  O  represent  the  centre  of  t] 
shaft,  O  F  the  forward  eccentric  radius,  O  B  the  hoc! 
ward  eccentric  radius;  and  let  LO  be  a  straight  li! 
parallel  to  F  B.  In  full  fcfrward  gearing,  the  kalf-tkn 
is  O  F,  and  the  cmgle  of  lead  .^^  L  0  F;  and  on  th€ 
and  the  lap  the  distribution  of  the  steam  depen< 
Connect  the  points   F  and  B  by  a  circular  arc 

,,  -.       F  B  X  lenirth  of  eccentric  rod        '  , 

the  radius,  x f —  .,     ^,.  , ,    and   cc 

Fig,  144.  2  X  length  of  hnk 

•  vex  or  coTica'Ge  towards    O,  according  as  the  rods  a 

crossed  or  uncrossed  when  the  two  eccentrics  are  turned  towai 

the  link;  and  make  the  end  S  of  the  virtual  eccentric  radi 

divide   that  arc  in  the  same  ratio  in  which  the  slider  divid 

the  link     Then  the  motion  of  the  slide-valve  will   be  near 

that  coiTesponding  to  an  eccentric  radius  OS;  that  is,  to  tl 

half-travel  O  S  and  angle  of  lead  .^  L  O  S.     This  constrc 

tion  appears  to  have  been  first    published  by  Mr.    M'Farlai 

Gray    in    his    GeomAry  of  tlie  Slide- Valve     A    nearly   simU 

construction,  with  a  parabolic  instead  of  a  circular  arc,  is  demo: 

Btrated  in  Dr.  Zeuner's  ScfUebersteuerungen.     (See  p.  569.) 

349.  Expamton  tbItci  vriUi  Caws* — A  separate  expansion  val^ 

is  often  used,  especially  in  large  marine  engines,  oonsiating  of 

double-beat  valve  (Article  116,  page  121),  whose  spindle  ia  hui 
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from  one  arm  of  a  lever.  Another  aim  of  the  lever  has  a  roller  at 
its  end,  upon  which  a  suitably  shaped  cam,  turning  with  the  engine 
shaft,  acts  so  as  to  lift  the  valve  twice  in  each  revolution,  hold  it 
open  during  the  proper  period  for  the  admission  of  the  st^m,  and 
then  let  it  close.  A  series  of  such  cams,  suited  to  produce  different 
rates  of  expansion,  are  fixed  side  by  side  on  the  shafb,  and  the 
lever  arm  which  carries  the  roller  is  so  made  that  it  can  be  shifted 
sideways,  and  brought  into  gearing  with  that  cam  which  produces 
the  proper  rate  of  expansion.  In  some  cases  the  rate  of  expansion 
is  adjusted  by  a  single  cam,  shifting  endways  along  a  screw-shaped 
part  of  the  shafb  under  the  action  of  the  governor. 

350.  ExpaB«i«it  Slide  Vaire. — A  separate  slide  valve 
is  sometimes  used  to  cut  off  the  steam  at  an  early  period 
of  the  stroke,  worked  by  an  eccentric  wUhxmt  lead,  so 
that  this  expansion  slide  valve  is  always  at  its  middle 
position  when  the  piston  is  at  either  end  of  its  stroke. 
A  longitudinal  section  of  part  of  such  a  valve  is  shown 
in  £g.  145.  A,  A,  are  oblong  ports  in  the  plate  which 
forms  the  valve  seat,  and  which  is  usually  the  back  of 
the  valve  chest  of  the  ordinary  slide  valve.  B,  £,  are 
oblong  ports  of  the  same  size  and  figure  with  A  A,  in  the 
sliding  plate  which  forms  the  valve.  The  valve  might  j.-'^  j^g 
be  made  with  only  a  single  opening  B,  corresponding  to 
a  single  port  A;  but  to  give  ample  area  for  the  passage  of  the 
steam,  there  are  usually  several  such  openings  and  ports;  whence 
the  valve  is  called  a  ^^  gridiron  valve,"  When  the  valve  is  in  its 
middle  position  (and  tiie  piston  at  one  end  of  its  stroke),  the 
openings  B  are  exactiy  opposite  to  the  ports  A,  which  are  then 
^^/ull  opeTu"  So  soon  as  the  valve  has  moved  in  either  direction  to 
a  distance  from  its  middle  position  equal  to  the  breadth  of  one  of 
its  openings,  the  ports  are  all  closed,  and  the  steam  cut  off. 

This  vidve  is  suited  for  cutting  off  the  steam  at  a  very  early 
period  of  the  stroke  only.  The  point  of  cut-off  being  given,  the 
following  are  the  processes  for  finding  the  requisite  proportion  of 
breadth  of  openings  to  half-throw. 

First  Method: — By  graphic  coDstruction  (figi 
146).  About  a  centre  O,  describe  a  quadrant  of  a 
circle  D  E ;  and  let  the  i*adius  O  D  represent  the 
half 'Stroke  of  the  piston.  Draw  the  radius  O  G  to 
represent  the  position  of  the  crank  at  which  the 
steam  is  to  be  cut  off.  From  G  draw  G  R  perpen- 
dicular to  D  O.  Then  Fig.  146. 
Breadth  of  openings  R  G  /^  \ 
Half-throw  of  valve  ^  O  ^ 
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Second  Method:— By  calculation.     Let  ratio  of  actual  cuc-off 

ITR      1 
-^^r:^ss-j;t]ien^iftheconDectingrodi8lougcomparedwiththectiuik, 

Breadth  of  openings      .    /    f,      /,      2\« ) 
Half-thiow  of  valve  "V     1^"^"^    / ^^^ 

A  peculiarity  of  this  valve  is  that  it  reopens  its  ports  at  a  point  of 
the  piston  stroke  as  far  distant  from  the  end  as  K  is  firom  the 
beginuing;  therefore  it  cannot  be  used  except  in  combination  "with 
a  common  slide  valve,  so  adjusted  as  to  cut  off  the  steam  before 
the  reopening  of  the  ports  of  the  gridiron  expansion  valve.  For 
example,  if  the  expansion  valve  cuts  off  at  0-2  of  the  stroke,  the 
common  slide  valve  must  cut  off  at  or  before  0*8  of  the  stroke. 

The  rate,  of  expansion  may  be  varied  by  varying  the  throw  of 
the  expansion  valve.  .In  some  engines,  the  seat  of  the  expansion 
slide  valve  is  formed  by  the  back  of  the  ordinary  slide  Talve, 
which,  instead  of  admitting  the  steam  past  its  outer  edges,  has 
porta  through  it  like  the  openings  in  a  gridiron  valve,  and  the 
expansion  slide  valve  is  worked  by  an  independent  eccentric^  so  as 
to  close  those  ports  at  the  proper  instants.     (See  page  550.) 

The  *'  gridiron'*  form  is  sometimes  adapted  to  the  ordinary  slide 
valve  in  very  large  engines — ^that  is  to  say,  each  end  of  the  cylinder 
has  two  parallel  ports,  and  the  valve  is  formed  so  as  to  connect  the 
two  ports  belonging  to  one  end  of  the  cylinder  at  the  same  time, 
with  the  valve  chest  and  the  eduction  port  alternately. 

351.  I»«Bble  Beat  YbItm  Worked  Ibr  Bcceairlca. — In  the  engines 

of  American  steamers  double  beat  valves  are  extensively  used,  driven 
by  means  of  eccentrics.  There  are  usually  separate  eccentrics  for 
the  induction  and  eduction  valves.  Each  eccentric,  through  a  rod 
and  lever,  causes  a  rocking  shaft  to  vibrate  to  and  fro ;  the  iockiii<r 
shaft  carries  cams,  which,  by  acting  on  bars  and  levers,  lift  and 
lower  the  valves  at  the  proper  times.  Each  cam  is  so  shaped  as  to 
give  a  very  gentle  motion  to  the  valve  when  it  is  nearly  in  contact 
with  its  seat,  and  a  rapid  motion  during  other  parts  of  its  stroke,  so 
that  the  port  is  opened  and  closed  quickly,  and  at  the  same  time 
without  shock.     (Corliss  Valves ;  see  page  550.) 

Sectiok  3. — O/Of/Unders  and  Pistons, 

352.  c«a»a»oB  Cyliaden. — Cylinders  are  made  of  the  toughest  cast 
iron  that  can  be  obtained.  The  thickness  reqidred  for  the  sake  of 
mere  tenacity,  to  resist  the  internal  pressure,  might  be  calculated 
fit>m  the  principles  stated  in  Article  62,  pages  67,  ^S,  allowing  six 
«s  a  factor  of  safety;  but  in  order  that  the  cylinder  may  poaseai 
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that  stiffiiess  which  is  necessary  to  enable  it  to  preserve  its  figare 
-with  great  accuracy,  it  must  be  made  many  times  thicker  than  is 
necessary  for  mere  strength.  The  actual  factors  of  safety  of  the 
cylinders  of  steam  engines,  as  they  occur  in  practice,  range  from  30 
to  40. 

The  bottom  of  a  cylinder  is  sometimes  cast  in  one  piece  with  it, 
sometimes  bolted  on.  The  cylinder  cover  is  bolted  on.  Care  must 
be  taken  that  the  bolts  have  sufficient  strength  to  withstand  the 
pressure.  The  bottoms  and  covers  of  large  cylinders  are  often  made 
of  the  form  of  a  segment  of  a  sphere  of  large  radius — ^in  which  case 
the  two  sides  of  fiie  piston  are  made  of  the  same  figure,  in  order 
that  space  may  not  be  lost  in  clearance. 

The  efiect  of  the  jacket  has  already  been  fully  considered.  The 
jacket  ought  to  envelop  not  merely  the  body  of  the  cylinder,  but 
at  least  one  end  also,  and,  if  possible,  both  ends.  Whether  the 
cylinder  is  jacketed  or  not,  it  should  always  be  clothed  (Article  337, 
Division  IX.) 

353.  In  D«abi«  Cylinder  Encines,  the  attempt  should  be  made  so 
to  proportion  the  cylinders  to  each  other,  that  the  steam  shall  per- 
form half  its  work  in  the  small  cylinder  and  half  in  the  large.  In 
most  actual  engines  two-thirds  of  the  work  are  performed  in  the 
small  cylinder.  The  following  are  some  of  the  arrangements  of 
double  cylinder  engines : — 

I.  The  earliest  arrangement  of  double  cylinders  was  WoolTs,  in 
which  the  smaller  or  high  pressure  cylinder,  and  the  larger  or  low 
pressure  cylinder  stand  side  by  side  under  the  same  end  of  a  beam, 
and  their  pistons  move  in  the  same  direction  at  the  same  time.  In 
this  arrangement  the  steam  passes  from  either  end  of  the  small 
cylinder  to  the  opposite  end  of  the  large  cylinder. 

II.  In  Mr.  M'Naught*s  engine  the  cylinders  are  under  opposite 
ends  of  a  beam,  their  pistons  move  opposite  ways,  and  the  steam 
passes  from  either  end  of  the  small  cylinder  to  the  nearest  end  of 
the  laige  cylinder. 

IIL  In  Mr.  Elder's  marine  engine  the  large  and  small  cylinders 
lie  side  by  side  in  close  contact,  sloping  at  an  angle  of  45°;  their 
pistons  move  opposite  ways  at  the  same  time,  and  drive  cranks 
which  project  in  opposite  directions  from  the  shaft,  with  a  view  to  the 
reduction  of  the  pressures  on  the  bearings  of  the  shaffc,  and  the  con- 
sequent friction,  to  the  smallest  amount  possible  with  two  cylin- 
ders. A  similar  pair  of  cylinders,  sloping  the  opposite  way  at  the 
same  angle,  act  on  the  same  pair  of  cranks. 

lY.  In  Mr.  Craddock's  engine  the  large  and  small  cylinders  are 
side  by  side,  and  their  pistons  move  for  the  greater  part  of  their 
course  in  opposite  directions,  and  drive  a  pair  of  neoflrly  opposite 
cranka     In  order  to  fisicilitate  the  passing  of  the  dead  points  with 
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axis  by  a  shaft,  which  carries  a  revolving  piston  of  a  suitable  shape. 
A  partition  divides  the  space  between  the  piston  and  the  cylinder 
into  two  parts ;  that  partition  is  so  constructed  as  not  to  obstmcc 
the  motion  of  the  piston;  in  general  the  partition  moves  aside  to 
let  the  piston  pass.  The  steam  is  admitted  into  the  space  behind 
the  piston,  cut  off  periodically  if  required,  and  discharged  from  the 
space  in  front  of  the  piston ;  and  so  the  piston  is  driven  oontinuoosly 
round.  The  number  of  rotatory  engines  which  have  been  patented 
in  Britain  alone  is  certainly  upwards  of  two  hundred,  and  perhaps 
considerably  more;  but  very  few  have  been  brought  into  prscticad 
operation,  and  those  to  a  limited  extent  only;  for  their  firiction  and 
liability  to  wear  have  been  found  to  be  greater  than  those  of  ordi- 
nary engines,  and  they  have  no  advantage  except  compactness.  The 
most  successful  appear  to  have  been  the  Earl  of  Dundonald's^  and 
Mr.  David  Napier's. 

361.  i>iM  EBgiae. — This  engine,  the  invention  of  Mr.  Bishop, 
has  been  used  with  success  by  Messrs.  Eennie  <b  Son  to  drive  screw 
propellers.     Fig.  147  is  a  sketch  showing  its  general  nature  only, 

without  any  details.  The  cylin- 
der is  shown  in  section,  the 
piston  in  elevation.  The  cylin- 
der, or  vessel  which  acts  as  a 
cylinder,  is  bounded  laterally 
by  a  spherical  zone  A  A,  and 
endwise  by  a  pair  of  cones,  B,  B, 
whose  apices  coincide  with  the 
centre  C  of  the  sphere.  The 
piston  is  a  flat  circular  disc, 
D,  fitting  the  interior  of  the 
spherical  zone  round  its  edge. 
E  E  is  a  fixed  partition  in  the  cylinder,  shaped  like  a  sector  of  a 
circle;  a  radial  slit  in  the  disc  fits  this  partition.  The  disc  is  fixed 
to  a  ball,  C,  being  the  joint  on  which  it  turns;  and  from  that  ball 
projects  a  rod  F,  perpendicular  to  the  plane  of  the  disc.  This  rod 
acts  in  a  manner  as  a  crank  pin ;  for  its  end  fits  into  a  round  hole 
at  the  end  of  the  crank  G,  which  is  carried  by  the  shaft  H,  whose 
axis  coincides  in  direction  with  the  common  axis  of  the  spherical 
zone  and  of  the  two  cones.  By  the  disc  D,  and  partition  E  E,  the 
cylinder  is  divided  at  each  instant  into  four  spaces,  two  of  which 
are  enlarging  while  the  other  two  are  contracting,  as  the  crank  G 
revolves;  the  steam  is  admitted  into  the  two  former  spaces,  and 
discharged  from  the  two  latter  spaces,  by  ports  near  the  partition 
E  E,  and  can  be  cut  oflf  if  required  by  an  expansion  valve;  thus 
the  disc  is  made  to  take  a  sort  of  motion  of  nuiaUon,  and  the  crank 
•hafi  is  driven  round.     The  angle  H  0  F  between  the  shaft  and 


Fig.  147. 
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crank  pin  is  one-half  of  the  angle  between  the  sides  of  the  two  ^ 

cones  B,  B. 

Liet  the  angle  H  C  F  =  ^.  Let  r  be  the  internal  radius  of  the 
spherical  zone,  r'  that  of  the  ball  C.  Then  the  volume  swept 
through  by  the  disc  at  each  revolution  is 

8-3776  {r^-r^)  sin  ^; (1.)  V 

being  equal  to  twice  the  capacity  of  the  vessel  which  acts  as  a  i 

cylinder,   and  being  also  the   product  of  the  area  of  the  disc,  | 
3-1416  (r^-/^),  and  the  mean  distance  swept  through  by  all  parts 

of  its  surface  in  directions  perpendicular  to  themselves  during  each  ^ 

revolution,  «  '  -5 ^  '  siii  '• 

The  volume  given  by  the  formula  1  corresponds  to  that  which, 
ia  computing  the  power  of  common  double  acting  steam  engines,  is 
found  by  multiplying  the  area  of  the  piston  into  twice  the  length 
of  a  single  stroke. 

.  362.  Pistons  and  Packing. — Ordinary  pistons  agree  pretty  nearly 
as  to  figure  and  proportions,  with  the  description  of  a  piston  for 
a  water  pressure  engine  already  given  in  Article  127,  page  129; 
but  instead  of  the  hempen  packing,  metallic  packing  is  universally 
used,  made  of  brass,  or  of  cast  iron.  Fig.  148  represents  one  of 
the  most  complex  arrangements  of  metallic 
packing,  with  the  junk  ring  (as  it  is  still 
called)  removed-  Thei-e  are  two,  or  some- 
times three,  rings  of  packing,  each  con- 
sisting of  an  outer  and  inner  circle  of  arcs 
of  metal,  built  together  so  as  to  bi-eak 
joint,  and  pressed  outwards  against  the 
interior  of  the  cylinder  by  means  of 
springs.  Much  simpler  arrangements  are 
often  used,  especially  one  in  which  there 
is  only  a  single  packing  ring  divided  at 
one  point,  and  pressing  against  the  sides  ^^'  ^^^' 

of  the  cylinder  by  its  own  elasticity,  which,  as  it  is  originally  made 
of  a  radius  a  little  larger  than  that  of  the  cylinder,  causes  it  to  tend 
to  expand  The  gap  at  the  point  of  division  is  sometimes  filled 
by  a  tongue  piece  morticed  into  the  ends  of  the  ring;  sometimes  by 
a  small  wedge-formed  block,  pressed  outwards  by  a  spring  behind 
it  Mr.  Eamsbottom*s  piston  for  locomotives  has  a  cylindrical 
surface  turned  to  fit  the  interior  of  the  cylinder  loosely;  round 
that  cylindrical  surface  are  three  parallel  rectangular  grooves,  each 
filled  by  a  single  packing  ring  of  squan'e  brass  wire,  measuring 
about  an  eighth  of  an  inch  each  way ;  each  of  these  rings  is  divided 
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at  one  point,  and  presses  outwards  against  the  cylinder  by  its 
elasticity,  like  the  single  packing  ring  beforementioned.  The 
points  of  division  are  placed  at  the  lower  side,  where  the  body  of 
the  piston  touches  the  cylinder.  The  varieties  of  metallic  pftdnng 
are  very  numerous;  but  they  differ  chiefly  in  points  of  detail 

Hemp  is  frequently  used  as  an  elastic  material  behind  metallic 
packing,  to  keep  it  pressed  a^inst  the  cylinder. 

Metallic  rings,  or  pieces  of  sheet  brass,  packed  behind  with  hemp^ 
are  used  also  for  the  packing  of  stuffing-boxes. 

363.  piiMOH  Rods  aod  Trnnka. — In  most  engines,  each  piston 
has  but  one  rod,  fitted  at  one  end  into  a  conical  socket  in  the 
centre  of  the  piston,  and  fixed  by  means  of  a  gib  and  cotter,  or  a 
sci*ew  and  nut.  The  piston  rod  passes  through  a  stuffing-box  in 
the  centre  of  the  cylinder  cover. 

In  some  marine  engines,  two  piston  rods,  and  in  some  fonr,  are 
attached  to  one  piston,  and  traverse  a  corresponding  number  of 
stuffing-boxes  in  the  cylinder  cover.  These  arrangements  form 
part  of  peculiar  systems  of  mechanism  for  connecting  the  piston 
with  the  crank. 

A  i/runk  is  a  tubular  piston  rod,  used  to  enable  the  connecting 
rod  to  be  jointed  directly  to  the  piston,  or  to  a  very  short  inner 
piston  rod,  so  as  to  save  room  in  marine  engines.  The  width  of 
the  trunk  must  be  sufficient  to  give  room  for  the  lateral  motion  of 
the  connecting  rod. 

As  to  the  strength  of  piston  rods,  see  Article  71,  pages  73,  74. 
In  computing  the  stress  on  a  piston  rod,  the  greatest  pressure  of  the 
bteam  must  be  taken  into  accoimt.  The  usual  factor  of  safety  is 
about  6  or  7 ;  but  in  some  cases  it  is  as  low  as  5,  and  in  others  as 
high  as  10. 

364.  Speed  er  wufmmm, — The  Speed  of  the  piston  of  an  engine  is 
usually  expressed  in  feet  per  minute,  the  whole  motion  being  taken 
into  account  in  double  acting  engines,  but  the  forward  strokes  only 
in  single  acting  engines,  as  has  already  been  explained. 

An  opinion  at  one  time  prevailed,  that  there  was  an  advantage 
in  making  the  real  speed  of  pistons  follow  the  rule  laid  down  in 
Article  336,  page  479,  for  calculating  the  fictitious  speed  assumed 
in  computations  of  nominal  horse-power;  and  although  that  opinion 
has  been  shown  to  be  groundless,  the  ordinary  speeds  of  the  pistons 
of  stationary  engines  and  marine  paddle  engines  do  not  often 
deviate  much  from  those  given  by  that  rule,  and  range  accordingly 
from  about  120  to  300  feet  per  minute.  But  in  marine  screw 
engines,  and  in  locomotive  engines,  speeds  of  piston  are  used  rang- 
ing up  to  900  feet  per  minute  and  more,  with  advantageous  results. 
American  engineers,  by  g^iving  great  length  to  the  cylinder  and 
cranky  obtain  a  high  speed  of  piston  in  paddle  engines  alsa 
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Inasmach  as  the  work  performed  by  the  piston  in  an  unit  of  time 
is  the  product  of  the  effort  into  the  speed,  it  follows  that  a  high 
speed  of  piston  involves  a  small  stress  upon  the  machinery,  bearings, 
and  framework;  and  consequently,  a  small  amount  of  friction; 
circumstances  favourable  to  lightness,  and  to  economy  of  cost  and 
of  power. 

The  velocity  of  the  piston  being  proportional  to  the  length  and 
frequency  of  the  strokes  jointly,  there  are  two  means  of  obtaining 
a  high  velocity :  great  length  of  stroke,  and  great  frequency.  Of 
those  two  means,  great  length  of  stroke  is  to  be  preferred,  when 
there  is  no  reason  to  the  contraiy;  because  great  frequency  of 
stroke,  requiring  rapid  reversal  of  the  motion  of  the  piston,  and  tho 
other  masses  which  move  along  with  it,  produces  periodical  strains, 
by  reason  of  the  inertia  of  those  masses,  which  to  a  certain  extent 
neutralize  the  benefits  arising  from  the  smallness  of  the  mean  effort 
exerted  through  the  piston  rod. 

The  limit  beyond  which  the  velocity  of  the  piston  cannot  with 
advantage  be  increased  is  not  yet  known.  There  must,  however,  be 
some  such  limit,  because  of  the  increase  of  the  resistance  to  the 
motion  of  the  steam  through  passages  with  increased  velocity  of  its 
flow.     (See  Article  290,  pages  413  to  417;  Article  340,  page  485.) 

Secttiok  4 — OfComdemMTB  and  Pumps, 

365.  WaiTs  OoHdenacr,  being  that  which  is  most  generally  em- 
ployed, is  a  cast  iron  vessel  of  any  convenient  shape,  and  strong 
enough  to  bear  the  atmospheric  pressure  from  without,  in  which 
the  waste  steam  from  the  cylinder  is  condensed  by  a  shower  of  cold 
water. 

The  capacity  of  the  condenser  in  Watt's  original  engines  was  | 
of  that  of  the  cylinder;  but  according  to  present  practice,  it  ranges 
from  ^  to  i,  and  sometimes  even  more. 

The  area  of  the  injection  valve,  by  which  the  condensation  water 
is  introduced  into  the  condenser  from  the  cold  well  in  land  engines, 
and  from  the  sea  in  marine  engines,  is  commonly  fixed  by  one  or 
other  of  the  two  following  rules : — 

iV  square  inch  per  cubic  foot  of  water  evaporated  by  the  boiler  per 
hour,  or 

riir  of  the  area  of  the  piston. 

In  Chapter  III.,  Section  5,  of  this  Part,  formula  have  been  given 
for  computing  the  net  quantity  of  injection  water  required  to  con- 
dense ilie  steam  in  engines  of  various  kinds,  for  each  cubic  foot 
swept  through  by  the  piston.  The  velocity  with  which  the  injection 
water  flows  towards  the  condenser  at  the  contracted  vein  is  about 
44  feet  per  second.     Taking  0*62  as  the  co-efficient  of  contraction. 
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the  velocity  of  flow  reduced  to  the  area  of  the  orifice  itself  is  found 
to  be  27  feet  per  second,  or  1,620  feet  per  minate,  nearly.  To  find, 
therefore,  the  proportion  of  the  injection  orifice  to  the  area  of 
piston,  necessary  in  order  to  supply  the  net  quantity  of  injection 
water,  we  have  the  following  formula : — 

net  area  of  orifice  .      ,         ^.  •  ^-  x  !.•    r    * 

>— ^-i =  net  volume  of  mjection  water  per  cubic  foot 

area  of  piston  "*  '^ 

swept  through  by  piston  x  velocity  of  piston  in  feel  itov 

minute -rlG20; ^ (1.) 

but  it  appears  from  ordinary  practice,  that  to  provide  for  oontin- 
gences,  the  injection  valve  must  be  made  capable  of  introducing, 
when  required,  about  double  the  net  quantity  of  injection  water 
found  by  calculation;  hence  810  »  to 56  taken  tu  the  divisor  in  the 
above  formvla  inetead  of  1,620.  This  gives  results  nearly  agreeing 
with  those  of  the  practical  rules  first  cited. 

In  marine  engines,  there  is  sometimes  an  injection  valve  leading 
from  the  ship's  bilge  into  the  condenser,  which  is  opened  only  when 
the  leakage  of  water  into  the  ship  threatens  to  become  too  great 
for  the  ordinary  bilge  pumps.  On  such  occasions,  the  ordmaiy 
injection  valve  is  closed.    (See  page  553.) 

366.  The  Oold  Water  Pamp,  by  which  in  low  pressure  land 
engines  the  cold  well  is  supplied  with  water,  must  be  made  of  capa^ 
city  sufficient  to  supply  double  the  computed  net  injection  water. 

367.  The  Air  Pamp  (Article  337,  Division  XVI.,  page  481),  when 
single  acting,  is  usually  of  a  capacity  from  one-fifth  to  one-etaoth  of 
that  of  the  cylinder;  when  the  air  pump  is  double  acting,  it  may  of 
course  be  made  one-half  smaller.  The  valves  through  which  it 
draws  the  water,  steam,  and  air  from  the  condenser,  are  called  y^o^ 
valves;  those  through  which  it  discharges  those  fluids  into  the  hoC 
roeU,  ddivery  valves.  A  single  acting  air  pump  has  bticket  valves 
opening  upwards  in  its  piston.  Flap  valves,  and  other  clacks  of 
various  forms,  are  used  as  air  pump  valves.  As  to  the  circular 
Indian  rubber  flap  valves,  now  very  generally  employed,  see  Article 
118,  page  123.  The  ratio  of  the  area  of  the  valve  passages  to  that 
of  the  air  pump  piston  ranges  in  different  engines  from  ^  to  equality, 
being  made  greater  as  the  speed  of  that  piston  is  greater,  so  that 
the  velocity  of  fluids  pumped  may  not  in  any  case  exceed  about  10 
or  12  feet  per  second.     (See  next  page.) 

The  surplus  water  from  the  hot  well,  over  and  above  that  which 
is  drawn  away  by  the  feed  pumps  (Article  316,  page  164),  is  dis- 
charged by  marine  engines  into  the  sea;  and  by  land  engines,  if 
there  is  sitificient  ground  available,  into  a  shallow  pond^  to  be  cooled 
and  used  again  as  oondensation  water. 
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368.  Snrfiice  Vmdwntsn  possess  the  advantages  of  preserving  the 
purity  of  the  water,  by  retnminff  to  the  boiler  the  same  water  over 
and  over  again,  without  the  admixture  of  condensation  water  from 
withoat  (see  Ai'ticle  321,  page  468),  and  of  saving  the  power  which 
is  expended  in  pumping  the  condensation  water  out  of  the  common 
condenser.  Surface  condensation  appears  to  have  been  employed 
at  an  early  period  by  Watt,  but  aftei-wards  abandoned  by  him  for 
condensation  by  injection,  on  account  of  practical  difficulties. 
Various  surface  condensers  have  since  been  tried  at  different  times 
with  more  or  less  success.  Those  of  Mr.  Samuel  Hall  were  fitted 
up  in  several  steamers. 

A  surface  condenser  consists  generally  of  a  great  number  of  ver- 
tical tubes,  about  ^  inch  in  diameter,  united  at  their  upper  and 
lower  ends  by  means  of  a  pair  of  flat  disc-shaped  vessels,  or  of  two 
sets  of  radiating  tubes,  or  in  some  other  convenient  manner.  This 
set  of  tubes  is  enclosed  in  a  casing,  through  which  a  sufficient  quan- 
tity of  cold  water  is  driven.  The  steam  being  led  by  the  exhaust 
pipe  to  the  upper  end  of  the  set  of  tubes  is  condensed  as  it  descends 
through  them,  and  arrives  in  the  state  of  liquid  water  at  the  lower 
end  of  the  apparatus,  whence  it  is  pumped  away  to  feed  the  boiler. 

Where  condensation  water  is  scarce  or  impure,  it  may  be  de- 
sirable to  condense  the  steam  by  the  contact  of  cold  air  with  the 
outside  of  the  tubes.  To  overcome  the  chief  difficulty  of  this  pro- 
cess, which  consists  in  producing  a  sufficiently  rapid  circulation  of 
air  over  the  tubes,  Mr.  Craddock  makes  the  whole  apparatus  of 
tubes  rotate  rapidly  about  a  vertical  axis. 

Some  results  of  experiment  as  to  the  efficiency  of  cooling  surface 
in  condensing  steam  have  already  been  given  in  Article  222,  page 
266.  The  greatest  of  those  results  (that  recently  obtained  by  Mr. 
Joule)  was  the  effect  of  casing  each  condensing  tube  in  an  outer 
tube,  and  driving  a  cuirent  of  cold  water  through  the  annular  space 
between  the  inner  and  outer  tubes  in  a  direction  contrary  to  that 
of  the  motion  of  the  condensing  steam.  To  these  data  may  be 
added  the  result  of  some  recent  experiments  on  a  marine  engine,  in 
which  the  rate  of  surface  condensation  in  half-inch  brass  tubes 
surrounded  by  water,  estimated  theoretically  from  the  indicator 
diagrams,  was  between  3  and  4  lbs.  per  square  foot  of  surface;  the 
''vacuum"  in  the  condenser  being  13  lbs.  on  the  square  inch,  and 
the  absolute  pressure,  therefore,  of  uncondensed  steam  and  air  about 
1'7  lb.  on  the  square  incL 

In  a  marine  engine  with  a  surface  condenser,  the  loss  of  water  is 
supplied  by  means  of  a  distilling  apparatus    (See  pp.  563  and  568.) 

Addkitdum  to  Articlx  367. 
The  Rcatalaace  •rtlie  Air  P«ni|»  is  eqaivalent  to  a  back-pressnre  on  tbe  steam 
pUtoD,  ranging  from  0*5  to  075  lbs.  on  the  square  inch,  in  well-proportioned  eiamples 
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Section  5,-^ Of  Connecting  MecHuminn, 

369.  Beam  Engines  and  BIrecc  Acting  EngtoM. — B7  COfmedw 

mechanism  is  meant  the  series  of  pieces  through  which  motion 
communicated  fix)m  the  piston  rod  to  the  piece,  whether  a  rotatin 
shaft  or  a  reciprocating  rod,  by  which  the  useful  work  is  performa 
With  respect  to  connecting  mechanism,  steam  engines  maj  I 
divided  into  two  great  classes : — 

I.  Beam  Engines,  in  which  the  piston  rod  is  connected  by  meai 
of  a  link,  with  one  end  of  a  beam  or  lever  oscillating  about  a  centn 

the  other  end  of  tl 
beam  being  oonnecU 
by  a  link  or  oonnec 
ing  rod  with  the  pum 
rod  or  with  the  cran] 
according  as  the  engii 
is  non-rotative  or  rofc 
tive.  The  engine  use 
as  an  illustration  in  A: 
tide  389,  fig.  130,  is 
beam  engine  of  the  ord 
naiy  kind;  but  as  ti 
be^  is  there  omittei 
fig.  149  is  added  to  sho 
the  general  arrangemer 
of  mechanism  in  such  an  engine. 

II.  Direct  acting  engines,  in  which  the  pump  rod  or  the  cranl 
as  the  case  may  be,  is  connected  with  the  piston  rod,  either  direct] 
or  by  means  of  a  connecting  rod  only.  The  engine  used  as  a 
illuRtration  in  Article  344,  ^g.  137,  is  direct  acting. 

370.  Fmrcea   Acting  on  Bram  and  Cylinder. — In  a  beam  engil 

the  velocities  of  the  two  ends  of  the  beam  at  any  given  instant  ai 
to  each  other  directly  as  the  lengths  of  the  two  arms  of  the  beara 
the  alternate  pidls  and  thrusts  exerted  on  the  two  ends  of  the  beai 
by  the  piston  rod  and  connecting  rod,  being  inversely  as  the  veloc 
ties  of  their  points  of  application,  are  to  each  other  inversely  as  th 
lengths  of  the  arms  of  the  beam. 

The  bearings  of  the  "  main  centre,"  or  gudgeons  of  the  bean 
have  to  sustain,  when  the  engine  is  at  rest,  the  weiglU  of  the  beaz 
and  the  parts  which  hang  from  it :  when  the  beam  is  in  motion,  th 
sum  of  the  forces  exerted  by  the  piston  rod  and  connecting  rod  i 
added  to  that  weight  during  the  down  stroke  of  the  piston,  am 
subtracted  from  it  during  the  up  stroke. 

The  cylinder  is  pressed  alternately  downwards  and  apwards  wit! 
a  force  equal  and  opposite  to  the  effort  of  the  steam  on  the  piston 
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and  the  strengtli  of  tlie  fastenings  of  the  cylinder  to  the  framework 
must  be  regulated  accordingly. 

371.  B0»rt  •■  Cnuric  Pin— Fiy-Whccl. — The  whole  force  exerted 
by  the  connecting  rod  on  the  crank  pin  may  be  resolved  into  two 
rectangular  components,  as  in  Article  23,  page  31 — a  lateral  force 
acting  0^072^  the  crank  towards  or  from  its  axis  of  rotation,  produc- 
ing merely  pressure  on  the  bearings  of  the  shaft,  and  an  effort,  acting 
perpendicular  to  the  crank,  in  the  direction  of  motion  of  the  crank 
pin,  by  means  of  which  effort  the  resistance  of  the  machinery  driven 
is  overcome  and  work  performed. 

To  find  the  ratio  which  that  effort  bears  to  the  effort  exerted  by 
the  steam  on  the  piston,  in  any  given  position  of  the  mechanism,  it 
is  sufficient  to  know  the  ratio  of  the  velocity  of  the  crank  pin  to 
that  of  the  piston ;  for  the  efforts  a/re  inversely  as  the  velocities. 

The  following  are  the  methods  by  which  that  "velocity  ratio"  is 
found  at  any  instant : — 

Case  I.  In  a  beam  engine  (fig.  150),  let  C^  be  the  axis  of  mo- 
tion of  the  beam;  C2  that  of  the  crank  shaft;  1\  Tg,  the  connecting 
rod,  To  being  the  centre  of  the  crank  pin.  At  a  given  instant,  let 
t?!  be  the  velocity  of  Tj^,  which  can  be  deduced  from  that  of  the  pis- 
ton, as  in  Article  370 ;  Vg  that  of  Tg. 

To  find  the  ratio  of  those  velocities,  produce  C^  T^,  Cg  Tg,  till 
they  intersect  in  K;  K  is  the  "  instantaneous  axis"  of  the  connect- 
ing rod,  and  the  velocity  ratio  in  question  is 

v^  :  v^  :  :KTi  :  KTg (1.) 

Should  K  be  inconveniently  hr  off,  draw  any  triangle  with  its  sides 
respectively  parallel  to  C^  T^,  Oj  Tg,  and  T^  Tg;  the  ratio  of  the  two 


Fig.  160. 


Fig.  161. 


sides  first  mentioned  will  be  the  velocity  ratio  required.     For  ex- 
ample, draw  C2  A  parallel  to  C^  T^,  cutting  T^  Tg  in  A;  then 

v^  :  V,  : :  CTa  :  C^ (2.) 
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Case  IL,  in  a  direct  acting  engine  (fig.  151.)  Let  C^  be  the  um 
of  the  crank  sbaft,  and  T^  R  the  piston  rod;  C,  Tg  the  crank;  and 
Tj  Tj  the  connecting  rod.  Draw  Tj  K  perpendicular  to  Tj^  R,  inter- 
secting C2  T2  produced  in  K  ;  K.  is  the  **  instantaneous  axis'*  of  the 
connecting  rod;  and  the  rest  of  the  solution  is  the  same  as  in  Case 
I.,  the  formulae  1,  2,  giving  the  ratio  of  the  yelocitj  of  the  piston  to 
that  of  the  crank  pin,  wMch  is  also  the  ratio  of  the  effort  on  tht 
crank  pin  to  the  effort  on  the  piston;  that  is  to  say — 

Cg  T2  :  Cj  A  : :  effort  of  steam  on  piston ;  effort  of  connecting 

rod  on  crank  piu (3.) 

It  is  by  this  process  that  data  are  obtained  for  determining  th< 
periodical  excess  and  d^lciency  of  energy  exerted  on  the  crank  shaft, 
by  the  methods  already  explained  in  Article  52,  pages  59,  60,  61, 
and  thence,  by  the  methods  explained  in  Article  53,  pages  61,  62, 
the  required  moment  of  inertia  of  a  fly-wheel  which  shall  preTeni 
the  fluctuations  of  speed  caused  by  that  alternate  excess  and  deli- 
ciency  from  going  beyond  given  limits. 

Marine  and  locomotive  engines  require  no  fly-wheels;  for  in  the 
former  the  inertia  of  the  propeller,  whether  paddle  or  screw,  and  in 
the  latter  that  of  the  entire  engine,  suffice  to  prevent  excessive  fluc- 
tuations of  speed. 

372.  Dead  points. — At  two  instants  in  each  revolution^  the 
direction  of  the  crank  coincides  with  the  line  of  connection  (or 
straight  line  joining  the  centres  of  the  joints  of  the  connecting  rod). 
The  positions  of  the  crank  pin  at  those  instants  are  called  deotd 
points,  and  they  correspond  to  the  ends  of  the  stroke  of  the  piston, 
when  its  velocity  vanishes,  and  so  also  does  the  effort  on  the  crank 
pin.  It  is  to  diminish  the  irregular  action  caused  by  the  existence 
of  these  dead  points,  and  especially  to  facilitate  the  starting  of 
engines  when  the  cmnk  happens  to  rest  at  one  of  them,  that 
engines  are  combined  by  pairs  or  threes,  as  described  in  Articles 
338  and  353,  with  the  effect  in  diminishing  the  periodical  excess 
and  deficiency  of  energy  stated  in  Article  52,  page  60. 

373.  OaidM  for  th«  pim*h  Rod  are  very  accurately  straight 
surfaces,  plane  or  cylindrical,  but  best  plane,  on  which  a  block  fixed 
to  the  head  of  the  piston  rod  slides,  and  which  resist  the  tendency 
of  the  link,  or  of  the  connecting  rod,  when  in  an  oblique  position, 
to  make  the  motion  of  the  piston  rod  deviate  from  a  straight  line. 
The  accuracy  with  which  smooth  plane  surfaces  can  now  be  made 
has  caused  guides  to  be  more  generally  used  than  they  were  for^ 
merly. 

374.  Parallel  WLmOmmu  are  jointed  combinations  of  linkwork, 
designed  to  guide  the  motion  of  the  piston  rod  either  exactly  or 
approximately  in  a  straight  line,  in  order  to  avoid  the  fiiction 
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vliich  attends  tlie  use  of  straight  guides.  The  first  parallel  motion 
is  well  known  to  have  been  an  invention  of  Watt  Four  kinds  i/f 
parallel  motion  will  now  be  described : — 

L  An  Ejnct  PaniUel  iii«itoB,  believed  to  have  been  first  proposed 
by  Mr.  Scott  Kuasell,  is  represented  in  fig.  152.  The  same  parts 
of  the  mechanism  are  marked  with  the 
same  letters,  and  different  successive 
positions  are  indicated  by  numerals 
affixed*  The  lever  OT  turns  about 
the  fixed  centre  C,  and  carries,  jointed  ^^i 
to  its  other  end,  the  bar  or  link  P  T  Q, 
in  which  PT  =  TQ  =  CT.  Thepoint 
Q  is  jointed  to  a  slider  which  slides  in 
fruides  along  the  straight  line  C  Q  j  and 
the  point  P  moves  in  the  straight  line  ^' 

Pi  C  Pg,  -L  C  Q.  A  pair  of  the  combinations  here  shown  are  used, 
one  at  each  side  of  the  cylinder;  and  the  pair  of  bars  P  Q  are 
jointed  at  their  extremities  P  to  liie  head  of  the  piston  rod. 

II.  An  Approzimatci  Parallel  ^fiaiiaii,'  sbinewhat  resembling  the 
preceding,  is  obtained  by  guiding  the  link  P  Q  entirely  by  means  of 
[>scillating  le- 
xers, inst^ul  of 
by  a  lever  and 
%  slide.  To 
&nd  the  length 
ind  the  posi- 
tion of  the  axis 
3f  one  of  those 
le  vers,  c«,  select 
iny  convenient 
point,  t,  in  the 
link  P  Q,  and 
[ay  down  on  a 
irawing  the  ex- 
treme and  mid- 
dle    positions, 

point,  corre- 
sponding to  the 
extreme  and 
middle      posi-  ^- 168. 

tions  of  the  link  P  Q.  The  centre  c  of  a  circle  traversing  those 
three  points  will  be  the  required  axis  of  the  lever,  and  c  t  will  be 
its  length;  and  if  the  link  P  Q  is  guided  by  two  such  levers,  the 
extreme  and  middle  positions  of  P  will  be  in  one  straight  lin^ 

2h 


514  8TEAX  4Zn>  OTHER  BEAT  EKGINEa 

and  the  other  positions  of  that  point  Yery  nearly  in  one  steai^ 
line. 

IIL   Watt*k  Appraxlmate  PanOlel  HoUob. — ^In  fig.  153,  C  T, 

are  a  pair  of  levers,  connected  by  a  link  Tt,  and  oscillating  abc 
the  axes  C,  e,  between  the  positions  marked  1  and  3.  The  midi 
positions  of  the  levers,  C  T2,  c  ^2'  ^^^  parallel  to  each  other.  I1 
required  to  find  a  point  P  in  the  link  T  t^  such,  that  its  mid 
position  P29  and  its  extreme  positions  P^,  Pjp  shall  be  in  the  m 
straight  line  perpendicular  to  0  T^  c  ^  and  so  to  place  the  axes  C 
on  the  lines  C  To,  e  ^  that  the  path  of  P,  between  the  positi( 
Pp  Pj,  P39  shall  be  as  near  as  possible  to  a  straight  line. 

The  axes  C,  e,  are  to  be  so  placed,  that  the  middle  M  of  the  ver 
sine  y  T2,  and  the  middle  m  of  the  versed  sine  v  t^  of  the  respect 
arcs  whose  equal  chords  T^  T^  s=  1^  represent  the  stroke,  sfa 
each  be  in  the  line  of  stroke  Mnk 

The  position  of  the  point  P  on  the  link  is  found  by  the  foUowi 
proportional  equation: — 

Tt:TT:Tt::Cll  +  cm:em:UM (!.] 

The  positions  of  the  point  P  in  the  link,  intermediate  between 
middle  and  extreme  positions,  are  near  enough  to  a  straight  li 
for  practical  purposes.  When  there  are  given,  the  axes  O,  e,  t 
line  of  stroke  P^  Pg  P3,  the  length  of  stroke  P^Pj  =  S,  andt 
perpendicular  distance  M  m  between  the  middle  positions  of  t 
two  levers,  the  following  equations  serve  to  compute  the  lengi 
of  the  levers  and  link : — 

g2  g2 

Versedsines,  TV=^=-i;  tf;  =  r ; 

_  T"V    tv 

Levers,  OT  =  CMH — j-;  et=zcm+-2>    }*  (^ 

Link,  Tl=^/  {W^^+^I+I^}. 

TV,  Wall**  Famllel  HctlMi  H^dlfled  by  having  the  guided  poi 
P  in  the  prolongation  of  the  link  T  t  beyond  its  connected  polL 
instead  of  between  those  points,  is  represented  by  fig.  154.  In  ti 
case,  the  centres  of  the  two  levers  are  at  the  same  side  of  the  lis 
ibstead  of  at  opposite  sides,  the  shorter  lever  beiDg  the  &riher  fit 
the  guided  poitit  P;  and  the  equations  1  and  2  are  modified 
follows: — 

Segments  of  the  link — 

T7:PT:F7::CTa-^:cm:0Ti: ^(3.) 


IPHHALLEL  MOTIOK& 


6W 


.  •    .•  •__ _  82  -:.  S8 

oCM  Scm 

jsvers,.  CT  =  0M  +  ^;  ^=^+^ 


.(4) 


This  parallel  motion  is  used  in  some  marine  engines,  in  a  position 
nverted  irith  respect  to  that  in  the  figure^  P  being  the  npper,  and 
rthe  lower  end  of  the  linV. 


Fig.  155. 

When  Watt's  pamllel  motion  (HI.) 
is  applied  to  steam  engines  with  beams, 
it  is  more  usual  to  guide  the  air  pimip 
rod  than  the  piston  rod  directly  by 
means  of  the  point  P.  The  head  of 
the  piston  rod  is  guided  by  being  con- 
nected with  that  point  by  means  of  a 
'paraUdogramh  of  bars,  shown  in  fig. 
155.  e  is  the  axis  of  motion  of  the 
beam  of  the  engiue,  ctA.  one  ann  of 
that  beam,  C  T  a  lever  called  the 
radius  bar  or  bricUe  rod,  Tt  a,  link 
called  the  ftoc^ /in^  CT,c<,  andT<, 
form  the  combination  already  described 
(ni.),  and  shown  in  fig.  153;  and  the  point  P,  found  as  already 
shown,  is  guided  in  a  vertical  line,  almost  exactly  straight  The 
total  length  of  the  beam  arm,  c  A,  is  fixed  by  the  proportion 

TtiTtiiUli  CA  j (6.) 

thai  is,  ^  A  is  very  nearly  a  third  proportional  to  C  T  and  c  t  Draw 
A B II  T  «,  and  cPB  intersecting  it  j  then  firom  the  proportion  6  it 
follows  that  A  B=£T<;    A  B  is  the  matn  ^in^;  B,  the  head  of  the 


Fig.  164. 
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piston  rod.  ST  =  and  ||  <  A  is  the  parallel  bar^  by  which  the  ma 
and  back  links  are  connected.  P  moves  sensibly  in  a  straight  lin 
c  B  :  c  P  is  a  constant  ratio ;  therefore  B  moves  sensibly  in  a  straig 
line  parallel  to  that  in  which  P  moves.  (For  methods  of  desigmj 
parallel  motions  by  graphic  construction  alone,  see  Bankine  C 
Machinery,  pages  274  to  280;  On  Shipbuilding,  pages  284,  28 
Eules  and  TabUa,  page  236.) 


liir-^^  /\  \JJ=:J^/ : 


Fig.  156. 


375.  side  i<er«r  Engines  are  a  variety  of  beam  engines  mach 
used  in  paddle  steamers.     Figs.  156  and  157  represent  the  general 


SIDE  LEVEB  EKGIKES. 
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arrangement  of  a  pair  of  such  engines,  driving  a  pair  of  cranks  at 
right  angles  to  each  other:  fig.  156  being  a  side  view  of  the  port 


Fig.  167. 

engine,  and  Gg,  157  a  view  of  the  cylinder  ends  of  both  engines. 
Each  engine  has  a  pair  of  side  levers  or  beams  below  the  level  of  the 
shaft  and  of  the  cylinder  cover;  they  are  fixed  on  the  opposite  ends 
of  one  rocking  shaft,  which  is  the  main  centre.  The  piston  rod 
carries  a  cross-head,  like  that  of  the  letter  T,  from  the  ends  of 
which  hang  a  pair  of  side  rods,  connecting  it  with  the  ends  of  the 
pair  of  side  levers.  The  opposite  ends  of  the  side  levers  are  con- 
nected with  a  cross-toMy  which,  being  fixed  on  the  lower  end  of  the 
connecting  rod,  gives  it  the  shape  of  the  inverted  letter  x*  ^  ^g* 
156,  a  is  the  cylinder,  h  one  of  the  side  levers,  e  the  sole  plate  with 
vertical  flanges,  which  carries  the  engines  and  their  frame;  c^the 
air  pump  rod  with  its  cross-head  and  side  rods,  e  the  crank,  h  h  a 
paddle  wheel, /an  eccentric  with  its  counterpoise. 
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376.  TavlellM  lA  l»lMCt  Aetlag  Mariae  Basliics  a^  SOmnxierOl 

that  they  would  require  a  separate  treatise  for  their  descriptic 
The'  objects  aimed  at  in  them  are,  in  paddle  steamers,  length 
stroke,  notwithstanding  limited  head  room;  and  in  screw  steame 
compactness  and  convenience,  especially  in  ships  of  war,  where  t 
whole  engine  has  to  be  placed  below  the  water  line.    Scone  of  ihi 


|Lilli.UJllI[illJllilMu| 


Fig.  158. 

have  been  sufficiently  described  n 
der  the  head  of  cylinders,  Artie] 
353,  354,  355,  358.  Fig.  158  is 
cross-section,  and  fig.  159  a  si 
view,  of  a  pair  of  oscillating  engin< 
such .  as  have  been  mentioned 
Article  358.  The  air  pomp 
worked  by  a  crank  in  the  middle 
the  shaft  Figs.  160  and  161  rep 
sent  a  pair  of  "  steeple  engines,** 
which,  ^m  each  cylinder,  a  pc 
of  long  piston  rods  rise  on  opposi 
sides  of  the  shaft,  and  also  of  t] 
crank,  carrying  a  cross-head  fro 
which  the  connecting  rod  han 
downwards.  In  fig.  161  is  seen  tl 
air  pump,  worked  by  a  lever  ai 
links.  Figs.  162  and  163  represei 
*i  pair  of  Messrs.  Maudslay's  double  cylinder  engines,  in  whi< 
there  are  fom-  cylinders,  two  for  each  engine.     Fig.  163  8h<mB  tl 


Fig.  169. 


DiBEcrr  AcnKG  mabine  engines. 
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two  similar  and  equal  cylinders  that  belong  to  one  engine,  standing 
side  bj  side;  their  pistons  move  together,  and  thej  act  in  all 


Fig.  IGO. 


Fig.  16L 


Fig.  162. 

respects  like  two  parts  of  one  cylinder.  Theii*  two  piston  rods  are 
fixed  to  the  cross-head  of  a  pair  of  T-shaped  pieces,  the  lower  ends 
of  the  stems  of  which  move  in  vertical  guides  in  the  space  betweejl 
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the  cylinders^  and  give  motion  through  the  connecting  rod  to  tbo 
crank.     The  air  pump  is  worked  through  a  lever  and  links. 

The  simplest  arrange- 
ment of  direct  acting  screw 
engines  used  in  merchant 
vessels  will  be  illustrated  in 
a  subsequent  Article.  In 
ships  of  war,  those  engines 
are  brought  below  the  water 
line,  generally  by  placing 
their  cylinders  either  hoxi- 
zontal  or  very  much  in- 
clined. Contrivances  for 
this  object  have  given  ris^ 
to  an  incalculable  variety 
of  forms  of  engine. 

377.  CMpllBC  ShAOs  mi 
marine  EasiaM.— In  paddle 

engines,  the  shaft  consists 
^ff*  1^3-  of  three  pieces,  each  with 

its  independent  bearings.  The  middle  piece,  called  the  intermediate 
shaft,  or  engine  ehaft,  is  in  permanent  connection  with  the  pistons 
through  the  connecting  rods.  The  two  outer  pieces,  called  the 
paddle  ehaftSy  carry  the  paddle  wheels :  they  have  cranks  upon  their 
inner  ends,  which  can  be  at  will  connected  with  and  disconnected 
from  the  crank  pins  of  the  cranks  of  the  engine  shaft  The  details 
of  the  method  of  doing  this  vary  very  much  in  the  practice  of 
different  engineers. 

In  screw  engines  also,  the  engine  shaft  and  screw  sJiafl  can  be 
connected  and  disconnected  by  various  contrivances. 

378.   Sireagtii  af  illechaalun  aad  Fnuataff. — ^The  principles  upon 

which  the  strength  of  mechanism  depends  have  been  explained  in 
Section  8  of  the  Introduction ;  and  it  has  also  been  shown  how 
they  are  to  be  applied  to  the  principal  pieces  which  occur  in  the 
mechanism  of  steam  engines,  such  as  piston  rods,  connecting  rods, 
cross-heads,  cross-tails,  beams,  cranks,  axles,  wedges,  keys,  £c. 

Care  must  be  taken  in  all  calculations  on  this  subject,  to  consider 
all  the  variations  which  the  forces  acting  amongst  the  pieces  of  the 
mechanism  imdergo,  whether  in  magnitude  or  in  direction,  and  to 
take  into  account  that  condition  of  those  forces  in  which  the  stress 
produced  by  them  is  the  most  severe.  Care  must  also  be  taken 
not  to  consider  efforts  and  resistances  alone,  but  the  entire  forces 
applied  to  each  piece,  whether  direct  or  lateral  (Article  8,  page  6; 
Article  23,  page  31).  For  example,  it  is  not  the  mere  effort  in  the 
direction  of  motion  of  the  crank  pin  which  is  to  be  considered  in 
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determiniiig  the  reqtiisite  strength  of  the  crank,  but  the  whole 
thrust  or  poll  exerted  along  the  connecting  rod. 

.  The  framework  by  which  a  moving  piece  is  held  or  supported, 
exerts  upon  that  piece  a  force  or  forces  sufficient  to  prevent  it  from 
being  dislodged  from  its  proper  bearings,  and  must  be  made  sufii-- 
ciently  strong  to  bear  with  safety  all  the  forces  exerted  by  other 
bodies  upon  the  moving  pieces  which  it  carries. 

For  example,  in  a  beam  engine,  the  principal  parts  of  the  frame- 
work are,  the  sole  or  base,  and  the  pillars  for  alternately  supporting 
and  holding  down  the  main  centre  of  the  beam.  At  one  end  of  the 
base,  the  cylinder  must  be  fixed  down  to  it  by  bolts  capable  of 
safely  resisting  an  upward  pull  equal  to  the  greatest  effort  on  the 
piston.  At  the  other  end,  the  bearings  of  the  shaft  must  be  fixed 
down  with  equal  firmness.  The  supports  of  the  main  centre  must 
be  strong  enough  to.bear  the  forces  acting  upon  it,  determined  iin 
the  manner  explained  in  Article  370.  The  base  itself  must  possess 
transverse  strength  sufficient  to  bear  safely  the  tendency  of  the 
forces  applied  to  its  ends  and  middle  to  break  it  across,  producing 
a  TnomerU  o/Jlexure  (Article  73,  page  75)  at  each  instant,  equal  and 
opposite  to  that  which  acts  on  the  beam. 

Similar  principles  apply  to  the  side  lever  engine,  except  that  the 
pillars  support  and  hold  down  the  bearings  of  the  engine  shaft. 

In  a  direct  acting  engine,  the  principal  parts  of  the  frame  are  the 
pillai-s  or  rods  by  which  the  cylinder  and  the  shaft  are  kept  in  their 
proper  relative  positions^  and  which  have  to  resist  a  pull  and  a 
thrust  alternately. 

379.  BaiaaciMg  •f  ]?iechaai»in. — All  the  moving  parts  in  an  engine 
ought  as  far  as  possible  to  be  balanced;  that  is  to  say,  that  every 
axis  about  which  moving  parts  turn  or  vibrate,  or  have  a  recipro- 
cating motion,  should  either  exactly  or  as  nearly  as  possible  traverse 
the  common  centre  of  gravity  of  all  the  parts  that  its  bearings  sup- 
port, and  be  a  permanent  axis  of  those  parts  which  turn  with  it 
The  reasons  for  doing  this,  and  the  principles  according  to  which  it 
is  to  be  effected,  have  been  explained  in  Articles  21,  22,  page9 
27  to  30.  It  ia  of  special  importance  as  applied  to  the  crank 
shaft. 

The  weight  of,  and  the  centrifugal  force  and  couple  produced 
by,  any  mass  which  is  fixed  to  the  shaft  and  rotates  along  with  it^ 
such  as  a  crank  or  eccentric,  can  easily  be  balanced  by  counterpoises 
fixed  to  and  rotating  along  with  the  shafi}  also.  In  the  case  of  a 
mass  which  only  partially  partakes  of  the  motion  of  the  shaft,  such 
as  a  piston,  the  balance  of  weight  and  inertia  cannot  be  exactly 
realized  in  all  positions  of  the  engine,  but  must  be  approximated 
to  in  the  way  which  may  seem  best  to  the  judgment  of  the 
engineer. 
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In  Article  347  it  has  been  shown  how  the  weight  of  i;he  pisto 
in  vertical  cylinders  is  approximately  balanced  by  a  proper  adjnsi 
n^ient  of  the  pressure  of  the  steam.  In  this  case  it  is  probably  h&A 
in  order  to  avoid  horizontal  vibrations,  that  the  weight  of  the  pistoi 
its  rod,  and  half  the  connecting  rod,  should  be  baJanoed  hy  steai 
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"pressure  alone,  the  crank  and  the  oilier  half  of  the  connecting  rod 
being  balanced  by  counterpoises  fixed  on  the  shaft.  In  engines' 
-with  horizontal  cylinders,  on  the  other  hand,  it  is  probably  best  to 
treat  the  whole  weight  of  the  piston,  piston  rod,  and  connecting 
rod,  as  if  it  were  concentrated  at  and  revolved  along  with  the  crank 
pin,  and  to  fix  counterpoises  on  the  shaft  suited  to  that  supposi- 
tion; and  this  method,  or  one  not  greatly  differing  from  it,  appears 
to  have  been  practised  by  Messrs.  Bourne  <fc  Co.  in  their  horizontal 
single  cylinder  screw  engine,  with  good  results..  . 

Section  6. — ExampUa  qf  Pumping  and  Ma/rin^  Engines, 

380.  BninplM  •ra'C«nridb  Pamplnv  Easine.— Figs.  164,  165, 
and  166,  represent  a  single  acting  non-rotative  beam  engine,  known 
te  the  ^'Cofnish  engine,"  and 
used  for  draining  mines,  and  for 
supplying  towns  with  water. 

Fig.  164  is  a  general  elevation 
or  side  view. 

Fig.  165  is  an  elevation,  and 
fig.  166  a  plan,  of  the  valve 
gear. 

As  to  the  general  arrange- 
ment of  the  valve  gear,  see  Ar- 
ticles 342  and  343. 

A  is  the  cylinder;  B,  the 
piston  rod;  C  B  E,  the  beam; 
F,  the  main  pump  rod;  G,  the 
tappet  rod  or  plug  rod;  H,  the 
feqtulibrium  pipe,  which,  when 
the  equilibrium  valve  is  open, 
connects  the  top  and  bottom 
of  the  cylinder ;  I,  the  exhaust 
pipe ;  K,  the  condenser ;  L,  the 
air  pump;  M,  the  feed  pump; 
N,  its  supply  pipe;  and  O,  its 
discharge  pipe. 

P  is  the  "  cataract;'  as  to  the 
general  nature  of  which  see  Ar- 
ticle 343.  Q,  the  chest  of  the 
throttle  valve;  a,  its  spindle; 
bc,&  lever;  and  dd,  a  rod  and 


Fig.  165. 


handle  to  adjust  its  openmg;  Z,  the  passage  through  which  it  com- 
municates with  the  steam  valve  box  R  S,  the  equiHbrium  valve 
box.     T,  the  exhaust  valve  bDx. 
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e  is  the  pump  of  the  cataract,  standing  in  a  small  tank ;  its  pistt 
rod  is  attached  to  an  arm  projecting  from  the  rocking  sE^  / 

From  that  shaft  the 
projects  another  levi 
g,  which  Ls  depressi 
by  the  tappet  rod 
when  near  the  bo 
torn  of  its  do« 
stroke,  so  as  to  li 
the  piston  of  ti 
pump.  A  third  ar 
projecting  from  tl 
same  shaft  X/"  oarri 
a  weight  t,  inrhich, 
soon  as  l^e  tapp 
rod  begins  to  ri 
and  leave  the  lev* 
g  free,  causes  tl 
piston  to  descei 
Fte.l««-  slowly. 

Meanwhile  the  tappet  rod,  when  at  the  bottom  of  its  descen 
has  shut  the  exhaust  valve  by  means  of  the  tappet  y,  and  opene 
the  equilibrium  valve :  the  piston  has  ascended ;  and  at  the  top  < 
the  up  stroke  the  tappet  rod  has  shut  the  equilibrium  valve,  s 
that  the  engine  is  ready  to  begin  a  new  stroke  so  soon  as  the  exhatu 
valve  and  steam  valve  shall  be  re-opened. 

The  weight  i  continues  to  press  down  the  cataract  piston,  and  1 
cause  the  lever  g  to  rise.  Tliis  lever  supports  a  small  vertical  rw 
hidden  in  fig.  165  behind  the  tappet  rod  G,  from  which  small  ro 
there  projects  a  peg,  that  at  length  lifts  ike  lever  k.  From  ti 
lever  k  there  projects  a  catch  that  holds  a  tooth  projecting  from  th 
rocking  shaft  m,  and  prevents  that  shaft  from  turning  under  th 
action  of  the  loaded  rod  I  that  hangs  from  a  short  lever  projectin 
from  the  shaft  m.  When  the  lever  k  is  lifted,  the  shaft  fi»  is  sc 
free,  wliereupon  I  descends,  m  turns,  the  handle  n  projecting  froi 
m  rises;  the  short  lever  projecting  from  m  pulls  the  loaded  rod  Oj 
towards  the  right  of  the  figure,  which,  through  the  bell  crank  pqi 
lifts  the  spindle  8  of  the  exhaust  valve,  and  opens  that  valve  so  a 
to  let  the  steam  from  below  the  piston  escape  to  the  condenser. 

The  before-mentioned  vertical  rod  resting  on  g  continues  to  rise 
®'.P^fi>  projecting  from  it  lifts  the  lever  t,  similarly  placed  to  k^  bui 
higher,  and  in  the  same  manner  as  a  catch  on  k  liberates  a  weighi 
whose  descent  opens  the  exhaust  valve,  a  catch  on  t  liberates  i 
weight  whose  descent  opens  the  steam  valve.  The  steam  is  admitted; 
and  the  down  stroke  beginsi 
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'  At  a  point  of  the  down  stroke  fixed  by  adjusting  the  position  cf 
the  long  tappet  x  on  the  tappet  rodj  that  tappet  presses  down  the 
handle  u  aa  to  shut  the  steam  yalve,  and  hold  it  shut  for  the 
remainder  of  the  stroke,  which  is  performed  by  expiansion. 

As  the  down  stroke  is  completed  the  cycle  of  operations  already 
described  recommences. 

The  ascent  of  the  piston  while  the  equilibrium  valve  is  open  is 
produced  by  a  'slight  preponderance  of  the  weight  of  the  main  pump 
rod  and,  its  load  above  the  weight  and  resistance  of  the  column  of 
water  which  the  plungers  raise.  The  energy  exerted  by  the  steam 
on  the  piston  during  the  down  stroke  is  stored  in  lifting  the  pump 
rod  and  its  load,  as  has  been  explained  in  Article  32,  page  37. 
The^  cylinders  of  Cornish  engines  are  jacketed  above,  below,  and  all 
round,  and  clothed  with  felt  and  planking. 

In  direct  acting  non-rotative  pumping  engines  the  up  stroke  is 
the  effective  stroke,  the  steam  being  admitted  and  expanded  below 
the  piston,  then  passed  by  the  equilibrium  valve  from  the  bottom  to 
the  top  of  the  cylinder,  and  then  discharged  into  the  condenser. 
The  arrangement  of  the  mechanism  somewhat  resembles  that  of  the 
water  pressure  engine  in  Article  132,  fig.  40 — except  that  in  general 
the  piston  rod  proceeds  upwards  through  a  stuffing-box  in  the  cylin- 
der cover,  and  carries  at  the  top  a  cross-head,  from  the  ends  of  which 
hang  links,  attached  at  their  lower  ends  to  the  cross-head  of  the 
pump  rod.  Another  arrangement  is,  to  have  a  pair  of  similar  and 
equal  cylinders,  standing  side  by  side,  whose  piston  rods  support  tlie 
ends  of  a  cross-head,  Irom  the  middle  of  which  the  pump  rod 
hangs. 

381.  ]>«abie  Acting  Pnmpiag  E  ■sines  are  now  very  common,  in 
which  the  piston  rod  of  a  double  acting  pump  is  continuous  with 
that  of  the  engine.  Such  engiaes  are  rotative,  having  a  fly-wheel 
driven  by  means  of  a  crank  for  the  purpose  of  making  the  motion 
steady.     The  cylinder  and  pump  are  often  horizontal 

382.  Example  ef  Yertlcal   Inrerted  Screw  Mtirine  Engines. — On 

the  introduction  of  the  Screw-propeller  for  ocean-going  steam- 
ships, the  design  of  the  engines  was  very  much  altered  from  that 
so  long  in  use  for  paddle  steamers,  and  various  arrangements 
were  tried,  toothed  wheel  gearing  being  employed  in  some 
cases  to  connect  the  engine  with  the  screw  shaft  Latterly,  the 
inverted  form  of  engine,  now  so  well  known,  was  adopted,  which, 
by  its  direct  action  and  general  design,  was  well  suited  for  the 
high  piston  speeds  found  to  be  favourable  to  economy.  Messrs. 
Elder  of  Glasgow,  who  successfully  introduced  the  compound 
engine  into  marine  practice,  early  adopted  for  large  ocean- 
going steamers  an  arrangement  of  three  cylinders  whose  pistons 
worked  on  three  cranks,  thus  giving  great  uniformity  of  action, 
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<flnd  lessening  the  extreme  stresses  on  the  .cranks  and  shaft  to 
which  they  were  liable  when  only  one  or  two  cranks  are  used. 

As  snccessfnl  applications  of  this  principle,. the  figs^lGTand 
168  show  the  compound  engines  of,  the  Arizona,  built  an«i 
engined  by  Messrs.  Elder  for  the  Atlantic  service. 


Pig.  167. 


Fig.  167  shows  the  engine  in  elevation,  whilst  fig.  16S  is  & 
section  through  one  of  the  low-pressure  cylinders. 

The  high-pressure  cylinder  is  62  inches  diameter,  and  the  lo^- 
pressure  cylinders  are  each  90  inches  diameter,  the  stroke  beisi^ 
5  feet  6  inches.  The  cylinders  are  fitted  with  cast-iron  liners. 
and  are  steam  jacketed.  The  valves  are  of  the  equilibrium 
piston  type.  The  surflEtce-condenser  has  a  surfieuM  of  12,540 
square  feet     ^See  also  pp.  559,  581,  and  585.) 

The  Grank  snafts  for  such  engines  are  built  up  of  several  pieces, 
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the  webs -being  shrunk  on  to  the  shafts  and  crank  pins,  the 
allowance  for  shrinkage  being  about  one  thousandth  part  of  the 
diameter. 

The  whole  line  of  shafting  is  made  up  of  the  crank  shaft,  the 


Fig.  168. 

intermediate  shaft  with  thrust  block,  and  the  propeller  shaft. 
The  latter  works  in  a  stuffing  box  at  the  inner  end  of  the  stern 
tube,  the  outer  bearing  being  of  lignumvitse. 

Tlie  crank  shaft  should  be  suitably  proportioned  for  the  strains 
it  has  to  bear.     (See  Articles  74  and  75,  pp.  78,  79.) 
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The  diameter  of  the  crank  pin  is  nsiuilj  aboat  the  same  i 
that  of  the  crank  shaft. 

The  exposed  end  of  the  propeller  shaft  is  liable  to  corroaio 
and  many  methods  have  been  adopted  to  prevent  this  acti^ 
which  seems  to  be  largely  electrical,  from  the  contact  of  the  bra 
liner  and  the  iron  or  steel  of  the  shaft  The  extreme  outer  ei 
of  the  propeller  shaft  is  tapered,  say  to  1  in  12,  and  the  propell^ 
boss  fitted  on  and  secured  with  a  key  and  nut. 


SscnoH  7. — Locomotive  Engines. 

383.  licAveace  t«  PreriMw  Arttriw — Besides  the  general  chan 
teristics  which  locomotive  engines  possess  in  common  with  oth 
steam  engines,  the  peculiarities  of  those  engines  have  been  freqnent 
referred  to  in  previous  parts  of  this  work,  and  especiall j  in  the  fi 
lowing  places : — 

Article  229,  page  281  (supply  of  air  to  fuel). 

Article  230,  pages  282,  283  (distribution  of  air^  and  contiivanc 
to  prevent  smoke.) 

Article  232,  page  285  (rate  of  combustion). 

Article  234,  Division  IV.,  pages  293  to  297,  especially  example 
rV.,  v.,  VI.,  VIL,  VIIL  (efficiency  of  furnace  and  evapoiatii 
power  of  fuel). 

Article  280,  pages  382,  383  (back  pressure). 

Article  286,  page  396  (use  of  heating  the  cylinder  externally). 

Article  289  a,  page  412  (iise  of  high  pressure  condensation). 

Article  290,  pages  413  to  416  (resistance  of  the  r^pilator). 

Articles  303,  304,  305,  pages  449  to  452  (furnace  and  boiler). 

Article  306,  page  456  (grate  and  its  ash-pan). 

Article  308,  page  457  (height  of  furnace). 

Article  312,  page  459  ^fire-box  stays). 

Article  312,  page  460  (tubes  and  boiler  shell). 

Article  315,  page  463  (boiler  room). 

Aiticle  317,  page  465  ^safety  valves). 

Article  341,  page  485  (throttle  valve). 

Article  347,  pages  491  to  496  (expansion  by  the  link  motion). 

384.  Adhcstoa  of  Wheels — ^The  tractive  efibrt  which  a  looom* 
tive  engine  can  exert  is  limited,  not  only  by  a  quantity  dependii 
on  the  dimensions  of  the  cylinder  and  driving  wheels  and  the  cffe 
tive  pressure  of  the  steam,  but  also  by  the  adhesion  between  the  dri^ 
ing  wheels  and  the  rails,  which  means  the  friction  between  then 
acting  so  as  to  prevent  slipping.  If  the  resistance  of  the  load  drav 
exceeds  the  adhesion,  the  wheels  turn  round  without  advancing. 

The  adhesion  is  equal  to  the  pixxiuol;  of  that  part  of  the  weight « 
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the  engine  wHicli  rests  on  the  driving  wheels  into  a  co-efficient  of 
Miction  which  depends  on  the  condition  of  the  sar&ces  of  the  wheels 
and  rails.  The  value  of  that  co-efficient  is  from  0*15  to  0*2,  when 
wheels  and  rails  are  dean  and  dry;  but  when  they  are  damp  and 
slimy,  or  in  the  condition  called  "  greasy,"  it  diminishes  sometimes 
to  007  or  0*05.  About  O'l  may  be  considered  an  average  ordinary 
value. 

The  proportion  of  the  weight  of  the  engine  which  rests  on  the 
driving  wheels  depends  on  the  number  and  arrangement  of  the 
wheels,  the  number  of  pairs  driven  by  the  engine,  and  the  distribu- 
tion of  the  load  upon  them.  The  number  of  wheels  ranges  from 
two  to  five  pairs — ^the  most  common  number  being  three  pairs— of 
these  from  one  pair  to  the  whole  are  driven  by  &e  engine.  The 
proportion  of  the  weight  of  the  engine  which  rests  on  the  driving 
wheels  may  be  estimated  to  range  from  one-third  to  the  whole. 
One-half  is  probably  the  most  usual  proportion  in  six-wheeled 
engines  with  one  pair  of  driving  wheels  imder  the  middle  of  the 
(engine,  which  is  the  most  common  arrangement  in  passenger 
•mgines;  two-thirds,  in  six-wheeled  and  eight-wheeled  engines  with 
two  pairs  of  wheels  coupled  so  as  to  be  driven  by  the  engines, 
which  is  a  common  arrangement  in  goods  engines.  Engines  with  all 
the  wheels  coupled  are  used  for  slow  and  heavy  trains,  and  in  them, 
of  course,  the  whole  weight  rests  on  driving  wheels. 

The  weights  of  locomotive  engines  range  from  30  to  above  40 
tons  J  passenger  engine  (see  plate)  weighs  41  tons;  tender,  24  tons. 
When  the  stock  of  mel  and  water  are  carried  in  a  tender,  the  weight 
of  the  engine  itself  is  alone  available  to  produce  adhesion,  unless, 
as  is  sometimes  the  case  on  very  steep  railways,  the  wheels  of  the 
tender  are  coupled  to  those  of  the  engine  l^  gearing  chains  and 
puUeya  Some  engines,  called  tank  engines,  carry  their  own  stock  of 
fuel  and  water — ^the  fuel  on  the  platform  behind  the  fire-box,  and  the 
water  in  a  tank  above  the  barrel  of  the  boiler— and  in  them  the 
adhesion  is  greatest  on  first  starting  from  a  station  where  fuel  and 
water  are  tiJcen  in,  and  gradually  diminishes  as  the  stock  is  con- 
sumed. 

385.  Bcslfllaace  of  Bm«I«m  aadi  Trataa. — The  authority  now 
chiefly  relied  upon  for  the  resistance  of  engines  and  trains  on 
railways  is  that  of  a  series  of  experiments  by  Mr.  Gooch  on  the 
broad  gauge.  The  following  empirical  formula  represents  with 
tolerable  accuracy  the  results  of  those  experiments : — 

Let  E  be  the  weight  of  the  engine  and  tender  in  tons, 

T,  the  weight  of  the  train  in  tans, 

V,  the  velociiy  in  miles  an  hour. 

t,  the  inclination  of  the  line,  expressed  as  a  fraction;  ascent* 
being  considered  as  positive,  and  descents  as  negative. 
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Beastaaoe  of  the  train  in  lb& 

=[6  +  0-3  (V— 10)  =tz  2240  %}  T; (1.) 

BeaiBtance  of  the  engine  and  tender  in  lbs. 

=[12  +  0-6  (V—10)=±:2240t}E; (2.) 

Total  refflBtance  in  lbs.  | 

=  ]6+0-3(V— 10)}(T+2E)=±:2240t(T+E) (3.) 

At  velocities  less  than  ten  miles  an  hour  the  term  containing  V — 10  { 
is  to  be  omitted :  the  resistance  being  sensibly  constant  bcdow  that 
EtpeeQ. 

Mr.  D.  K.  Clark  prefers  to  such  formula  as  the  above,  another 
set  of  formulse  in  which  the  resistance  is  treated  as  consisting  of  a 
constant  part^  and  a  part  increasing  as  the  square  of  the  speed;  u 
follows : — 

Besistance  in  lbs.  per  ton  of  engine  and  train;  road  and  carriages 
in  smooth  running  condition;  weather  calm; 

6  +  ^=±=2240»; (4) 

Boad  and  carriages  not  in  smooth  running  condition;  side  wind; 

»  +  ^=±=2240t; (5.) 

The  resistance  on  a  curve  exceeds  that  on  a  straight  line,  acoordr 
ing  to  experiments  by  different  authors,  to  the  amount  of 

from  0-6  lb.  to  1-4  lb.  per  ton  ,^. 

radius  of  curve  in  miles      ^ 

To  allow  for  the  resistance  of  the  mechanism  of  the  engine,  Mr. 
Clark  adds  one-third  to  the  resistance,  as  calculated  above 

The  mean  effective  effort  of  the  steam  on  the  pistons  required  to 
overcome  a  given  total  resistance  of  engine  and  train  is  given  by  th* 
following  equation,  in  which  A  is  the  total  area  of  both  pisions,  ami 
Pm  -JP«  the  mea/n  ^ective  preamre. 

Total  resistance  x  circumference  of  driving  wheel    ,q  . 
A(p«-i?i)=  2  X  length  of  stroke  of  piston  ^  " 

(See  page  53a)  *  ^ 

386.  The  BaiaaciBc  •f  Xagtecs.  both  as  to  centrifugal  farces  and 
centrifugal  couples,  is  of  great  importance  as  a  means  of  preventing 
dangerous  oscillations.  The  principle  according  to  'vdiich  it  is 
effected  i%  to  conceive  the  mass  of  the  pistons,  piston  rods,  an«l 
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connecting  rods,  and  a  weight  haying  the  same  statical  moment 
as  the  cranky  as  concentrated  at  the  crank  pins,  and  to  insert 
between  the  spokes  of  the  driving  wheels  counterpoises  whose 
-weights  and  positions  are  regulated  by  the  principles  explained  in 
Articles  21  and  22,  pages  27  to  30. 

The  following  are  the  formulee  to  which  these  principles  lead : — 

Data — 

W,  total  weight  conceived  to  be  concentrated  at  one  crank  pin. 

Cy  length  of  the  crank,  measured  from  the  axis  of  the  axle  to  the 
centre  of  the  crank  pin. 

a,  distance  of  the  centre  of  the  crank  pin^  measured  parallel  to  the 
axle,  from  the  middle  of  the  length  of  the  axla 

h,  distance  of  the  centre  of  a  wheel  from  the  middle  of  the  length 
of  the  axle. 

r,  radius- vector  of  each  counterpoise;  being  the  distance  of  its 
centre  of  gravity  from  the  axis  of  the  axle. 

^Required— 

iy  angle  which  that  radius-vector  makes  with  a  plane  traversing 
the  axis  in  a  direction  midway  between  the  directions  of  the  two 
cranks,  and  pointing  the  opposite  way  to  those  directions.  The 
cranks  being  at  right  angles  to  each  other,  make  angles  of  135®  with 
the  plane  in  question. 

w,  weight  of  each  counterpoise. 

Results — 

*  =:arc  tan  *•=■; (1.) 

W=  W   •-  •  \/       ^,o  -^ r (2.) 

r     V      2  62         2-rco8i  ^' 

In  practice,  those  formulse  may  be  used  to  find  a  first  approxi- 
mation to  the  required  position  and  weight  of  the  counterpoises; 
but  the  final  adjustment  is  always  performed  by  trial;  the  engine 
being  hung  up  by  chains  attached  to  the  four  comers  of  its  frame, 
and  the  machinery  set  in'knotion:  a  pencil  attached  to  the  frame 
near  one  angle,  marks,  on  a  horizontal  card,  the  form  of  the  oscilla- 
tions, being  usually  an  oval;  and  the  counterpoises  are  adjusted 
until  the  orbit  described  by  the  pencil  is  reduced  to  the  leaat 
]X)Bsible  magnitude.  When  the  adjustment  is  successfrd,  the 
diameter  of  that  orbit  is  reduced  to  about  tV  of  an  inch. 

387.  The  Bfaut  Pip«  has  the  effect  of  adjusting  the  draught  of 
the  furnace^  and  consequently  the  rate  of  consumption  of  fuel,  to 
the  work  to  be  performed  by  the  engine  with  very  different  loads, 
and  at  very  different  speeds;  and  is  on  that  account  perhaps  the 
most  important  of  the  peculiar  parts  of  the  locomotive  engina 
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Its  effect  upon  the  back  pressure  in  the  cylinder  has  alread j  beei 
considered  in  Article  280,  pages  382,  388. 

The  effect  of  the  blast  pipe  in  producing  a  draught  depends  upoi 
its  own  diameter  and  position,  on  the  diameter  of  the  chimnej,  am 
on  the  dimensions  of  the  fire-box,  tubes,  and  smoke-box.  Mr.  D.  £ 
Clark  has  investigated  the  influence  of  these  circumstances  fioo 
his  own  experiments,  and  from  those  of  Messrs.  Bamsbottom 
Polonoean,  and  others,  and  has  shown  that  the  Tacuum  in  th 
smoke-box  is  about  0*7  of  the  blast  pressure :  that  the  vacuum  ii 
the  fire-box  is  from  ^  to  ^  of  that  in  the  smoke-box :  that  the  rat 
of  evaporation  varies  nearly  as  the  square  root  of  the  vacuum  h 
the  smoke- box :  that  the  best  proportions  of  the  chimney  and  othe 
parts  are  those  which  enable  a  given  draught  to  be  produced  witJ 
the  greatest  diameter  of  blast  pipe,  beostuse  the  greater  tha 
diameter,  the  less  is  the  back  pressure  produced  by  the  resutanc 
of  the  orifice :  that  the  same  proportions  are  best  at  all  rates  o 
expansion  and  at  all  speeds:  and  that  the  following  proportion 
are  about  the  best  known: — 

Sectional  area  of  tubes  within  forules, =  -^  area  of  grate. 

Sectional  area  of  chimney, =  s-s  area  of  grata. 

Area  of  blast  orifice  (which  should  he\       ^ 

somewhat  below  the    throat  of  the  >=^  area  of  grate, 
chimney,) ) 

Capacity  of  smoke-box, =  3  feet  x  area  of  grate. 

Length  of  chimney, =its  diameter  x  4. 

If  the  tubes  are  smaller,  the  blast  orifice  must  be  made  smalle 
also;  for  example,  if 

Sectional  area  of  tubes  within  ferules ^Tn  ^''^  ^^  gn^te, 

Then  area  of  blaat  orifice =  1  a«a  of  grate. 

388.  Bjniinples  •f  Mimtmmmtiw^t  Eaylaem — ^The  examples  here  give) 
are  from  two  locomotive  engines  by  Messrs.  Neilson  &  Co.,  whidi  ai 
selected,  like  the  screw  marine  engines  of  Article  382,  because  the; 
ara  good  and  efficient  specimens  of  the  class  of  engines  to  whid 
they  belong,  and  have  nothing  unusual  in  their  proportions  an( 
arrangements.    (See  plate ;  also  page  535.) 

Fig.  169  is  a  side  view  copied  from  a  photograph  of  a  six-wheele 
engine,  with  two  pairs  of  wheels  coupled.  Its  scale  is  about  ^  o 
the  real  dimensions. 
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Fig.  170  ui  a  longitudinal  section  of  an  engine  of  the  same  class 
ith  the  preceding,  but  with  somewhat  larger  driving  wheels,  being 
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itended  for  a  less  steep  line  and  higher  speeds.  The  scale  is  tt  of 
le  i-eal  dimensions.     The  details  of  the  valve  gearing  are  omitted. 

Fig.  171  shows,  at  the  left-hand  side,  a  cross-section  through 
df  the  fire-box,  and  at  the  right-hand  side,  a  cross-section  through 
ilf  the  smoke-box,  of  the  same  engine. 

Fig.  172  is  an  elevation  of  the  valve  gearing  of  one  cylinder, 
ith  the  cover  taken  off  the  valve  chest  to  show  the  slide  vjJve  and 
orts. 

Fig.  173  shows  a  plan  of  the  valve  gearing  of  one  cylinder,  and 
longitudinal  section  of  the  cylinder  and  valve  chest 

The  scale  of  figs.  171,  172,  and  173,  is  ^  of  the  real  dimen- 
ons. 

A  is  the  ash-pan;  B,  the  grate;  C,  the  fire-box.  In  fig.  170^ 
[le  heads  of  the  bolts  which  tie  the  outer  and  inner  shells  of  the 
re-box  together  are  irr^;ularly  placed;  but  that  is  an  oversight 
1  the  engraving;  they  ought  to  be  ranged  in  vertical  and  hori- 
}ntal  lines.     D  is  the  fire-door. 

E  are  the  tubes,  extending  from  the  fire-box  to  the  smoke-box 
\     G 18  the  lower  end  of  the  chimney. 

I  is  one  of  the  horieontal  feed  pumps,  worked  by  a  link  from  one 
f  the  eooentrics.  H  is  the  supply  pipe  from  the  water  tank  of  the 
snder;  K,  the  feed  pipe,  leadmg  to  ilie  boiler. 

L  is  the  water  space  round  the  fire-box;  M,  the  water  space  and 
beam  space  above  it 

N  are  longitudinal  ribs,  to  which  the  crown  of  the  fire-box  is 
tayed,  as  explained  in  Article  312,  page  459.    The  crown  receives 
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additional  support  from  vertical  staj  bars,  hanging  from  the  sides 
of  the  steam  dome. 


Fig.  171. 

O  IB  the  space  above  the  tubes,  in  the  barrel  of  the  boiler.  P  is 
the  steam  dome,  on  the  top  of  the  external  shell  above  the  fire-box. 
This  part  of  the  shell  in  the  engine  represented  is  of  a  radius  a 
little  greater  than  the  barrel  of  the  boiler  j  but  in  many  engines 
(for  example^  those  of  Messrs.  Kitson  &  Co.)  it  is  made  of  the  same 
radius. 
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Q  IB  one  of  the  safety  valves.  The  other  safety  valve  is  omitted 
in  fig.  170,  but  shown  in  fig.  169^  as  standing  on  the  middle  of  the 
barrel  of  the  boiler. 

K,  B,  E)  is  the  steam  pipe,  bringing  steam  down  from  the  dome, 
and  along  the  top  of  the  barrel. 

S,  S,  the  r^ulator,  a  conical  valve  worked  by  a  screw.  T, 
branch  steam  pipe;  XJ,  slide  valve  chest;  Y,  slide  valve;  W,  W, 
cylinder  ports;  X,  cylinder;  Y,  exhaust  port;  Z,  exhaust  pipe. 
The  two  exhaust  pipes  unite  in  the  blast  pipe  a. 

b,  piston;  c,  piston  rod;  d,  connecting  rod,  driving  a  crank  on 
the  front  driving  axle/;  0,  coupling  rod,  connecting  cranks  on  the 
front  driving  axle  f,  and  hind  driving  axle  h,  g,  front  driving 
wheel ;  k,  hind  driving  wheel 

I,  forward  eccentric,  and  m,  backward  eccentric,  of  the  left  slide 
valva  n,  forward  eccentric  rod;  0,  backward  eccentric  rod.  These 
rods  are  jointed  to  the  two  ends  of  the  link  p,  which  is  jointed  at 
the  centre  to  and  supported  by  a  nearly  vertical  bridle  or  lever, 
oscillating  about  a  fixed  centre,  ris  the  slide  valve  rod,  and  q  the 
connecting  rod,  through  which  the  rod  r  receives  motion  from  a 
slider  in  the  link  j>.  The  rfidius  of  the  centre  line  of  the  link  is 
the  length  of  the  rod  q.  The  slider  and  the  rod  q  are  shifted  into 
different  positions,  so  as  to  alter  the  expansion  or  reverse  the  engine 
when  required  (as  explained  in  Article  348,  page  497)  by  means 
of  the  rod  s,  connected  with  the  lever  t  A  pair  of  those  levers,  to 
act  on  the  two  link  motions  at  once,  project  from  the  rocking  shaft 
tu  On  the  left-hand  outer  end  of  that  shaft  is  a  vertical  lever^ 
coimected  through  a  long  rod  v  (partlv  seen  in  fig.  170),  with  the 
reversing  handle  to,  by  means  of  which  the  engine  driver  controls 
the  link  motion. 

In  the  figure,  the  reversing  handle  is  simply  a  lever:  but  in 
many  engines  as  now  constructed,  it  acts  on  the  rod  v  by  means  of 
a  screw,  which  is  safer  and  more  convenient 

X,  Xy  «,  are  the  springs;  y^  a  balance  lever  to  distribute  the  load 
equally  between  the  two  pairs  of  driving  wheels,  notwithstanding 
irregularities  in  the  surfiEtce  of  the  rails;  z,  training  axle  and  wheel. 

389.  JLM«HMave  BasfaMs  §n  Comwmmm  bmuIs  were  invented  by 
lUr.  Gnmey,  Sir  James  Anderson,  Mr.  Scott  Bussell,  and  others. 
For  many  years  they  fell  into  disuse;  but  have  been  revived  in 
ihe  form  of  *'  traction  engines."  These  machines  are  adapted  to 
diawing  trains  of  heavily  laden  vehicles  at  a  low  speed,  such  as. 
four  or  five  miles  an  hour.  To  insure  that  the  driving  wheels 
flliall  take  a  sufficient  hold  of  the  road,  without  injuring  its  8urfiM»» 
-fchey  are  made  very  broad  in  the  tire,  sometimes  as  much  as  a  foot^ 
And  are  sometimes  transversely  or  obliqudy  ribbed.  The  traction 
engine  or  road  locomotive  of  Mr.  R  W.  Thomsoni  has  on  each  of 
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the  wheels  an  Indian  rubber  tire,  about  12  inches  broad  and  5 
inches  thick.  These  are  found  to  answer  well  on  all  sorts  of 
ground,  hard  and  soft,  rough  and  smooth.  (See  The  Engwrnr^  4th 
September,  1868,  page  191.) 

Section  8. — Of  Steam  Turbines. 

390.  The  BcactUn  sicMM  EB«tee.  in  a  rude  form,  is  described  in 
the  Pneumaiica  of  Hero  of  Alexandria.  It  was  improTed  and 
brought  into  use  to  a  limited  extent  by  Mr.  Buthven.  Its  principle 
and  mode  of  action  are  analogous  to  those  of  a  reaction  water  whed 
(Article  171,  page  190;  Article  176,  page  197.) 

391.  The  Fan  SteaM  Bngine,  invented  by  Mr.  William  Gorman, 
is  analogous  in  its  principle  and  mode  of  action  to  an  tmoari  flmo 
water  turbine,  (Article  171,  page  191;  Article  173,  page  193; 
Article  174,  pages  194,  195,  196,  &c.)  An  engine  of  this  kind 
was  used  at  the  Glasgow  City  Saw  Mills,  and  was  considered 
equal  in  efficiency  to  an  ordinary  high  pressure  engin& 


Addendum  to  Article  385,  page  530. 

C^HBteripreMnre  Sceavi  in  Ij«eovi«tiTe«. — Steam  is  said  to  act  bj 

counUr-pressurey  when  the  valves  are  put  in  backward  gear  during  tiie 
forward  motion  of  the  engine,  so  as  to  make  the  cylinders  communicate  inth 
the  exhaust-pipe  dnring  the  forward  stroke,  and  with  the  boiler  during  the 
latter  part  oi  the  return  stroke.  The  cylinders  thus  act  as  pampa,  forang 
vapour  into  the  boiler  against  the  pressure  there.  The  use  of  that  action  u 
to  do  the  dnty  of  a  brake,  in  retaniing  or  stopping  the  train  when  zeqnired, 
and  in  preventing  excessive  acceleration  on  d^ioenaing  gradients. 

When  the  cylmders,  acting  in  this  manner,  nsed  to  draw  in  air  at  the 
blast-pipe  and  force  it  into  tiie  boiler,  great  injury  was  done  by  the  dnsi 
and  heat  In  order  to  prevent  that,  M.  le  ChateUer  mtrodnced  the  system  oi 
supplying  the  exhaust-pipe  of  each  cylinder,  when  working  at  counter- 
pressure,  with  a  mixture  of  lii^uid  water  and  steam  £rom  the  boiler,  ii 
quantity  sufficient  to  cause  a  slight  escape  of  steam  from  the  blast-pipe,  and 
tnus  to  prevent  the  entrance  of  hot  air  and  dust  The  liquid  water  and 
steam  are  led  from  the  boiler  to  the  exhaust-pipes  through  tobes  about  \  ch 
f-inch  diameter,  with  suitable  cocks  or  valves  to  adjust  the  quantities  sup- 
plied. The  water,  dnring  the  forward  stroke  of  the  piston,  eiquuidB  into 
steam  of  atmospheno  pressure,  filling  the  cylinder,  and  partly  etcunn^  at 
the  blast-pipe ;  during  the  return  stroke  that  steam  is  compreasea  tin  it 
iHlses  to  a  high  pressure,  and  is  then  forced  back  into  the  boiler.  (Seej^te, 
p.  634^  also  p.  665;  and  M.  le  Ghatelier's  Mimoire  9ur  la  Maarcht  d  CotUrt- 
l^apeur  dea  Machines  Locomotives,  Paris,  1869;  also  the  English  translatioa 
of  that  Memoir,  by  Mr.  Lewis  D.  B.  Gordon,  entitled  JSeulwam  JKeoaomy, 
Edinburgh,  1869.)  -w.^.^,. 


PART  IV. 

OF  ELECTRO-MAGNETIC  ENGINEa 


392.  intMdnctMT  Beamrks. —  Although  the  principles  of  the 
development  of  mechanical  energy  from  chemi(»l  action  through 
the  agency  of  electric  and  magnetic  forces  might  be  made  the  sub- 
ject of  a  voluminous  treatise  which  would  be  highly  interesting  in 
a  scientific  point  of  view,  the  amount  of  experience  of  the  actual 
working  of  electro-magnetic  engines  is  not  yet  sufficient  to  supply 
those  data  which  are  necessary  in  order  to  render  such  a  treatise 
practically  valuable.  In  the  present  work,  therefore,  a  brief  outline 
only  of  those  principles  will  be  given,  illustrated  by  descriptions 
of  three  forms  of  engine,  two  of  which  are  selected  on  account 
of  their  simplicity,  and  probable  efficiency,  though  hitherto  used 
as  pieces  of  philosophical  apparatus  only;  and  the  third,  on 
account  of  its  having  been  for  some  years  in  practical  operation. 

The  experimental  data  to  be  afterwards  referred  to  are  for  the 
most  part  due  to  the  researches  of  Dr.  Joule  and  Dr.  Andrews. 
The  theory  of  the  subject  was  first  correctly  set  forth  by  Professor 
Helmholtz,  and  Professor  William  Thomson,  in  a  series  of  papers 
published  respectively  in  Poggendorff's  Annaleny  and  in  the 
PhUoaophical  Tranmctions  and  Philosophical  Jfagcudriej  especially 
two  papers  in  the  Philosophical  Magazine  for  December,  1851. 
The  summary  of  that  theory  which  will  be  given  is  in  the  main 
extracted  from  a  paper  by  the  Author  of  this  work  "On  the  General 
Law  of  the  Transformation  of  Energy  "  (Phil.  Mag.,  1853). 

393.  BnergT,  Acinal  and  PotcnUaL — Energy  has  been  defined  in 
Article  25,  page  32;  and  the  distinction  between  actual  and 
potential  energy  has  been  explained,  so  far  as  it  relates  to  mechan- 
ical energy,  or  energy  of  motion  and  of  force  tending  to  produce 
motion,  in  the  same  Article,  and  in  Article  31,  pages  35,  36.  It  has 
further  been  explained  in  Article  196,  page  224,  and  ALrtides  235, 
236,  pages  299,  300,  that  heat  is  a  form  of  energy.  In  order  to 
understand  the  application  of  certain  general  laws  respecting  energy 
to  electricity  and  magnetism,  the  definitions  of  energy,  actual  and 
potential,  must  be  extended  so  as  to  become  perfectly  general  and 
abstract,  as  follows : — 

A  capacity  for  performing  work  is  to  be  called  actual  enebot, 
whea  it  consists  in  a  state  of  present  activity  of  a  substance,  such 
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aa  motion^  heat,  current  electricity;  and  potential  ENERGTy  when 
it  consists  in  a  tendency  of  a  certain  magnitude  towards  a  change 
of  a  certain  magnitude,  such  as  mechanical  potential  e^iergy  (that 
is,  weight  or  pressure  capable  of  acting  through  a  given  flpaoe), 
chemical  affinity,  electrical  tension,  magnetic  tension. 

The  general  idw  of  the  traaisforfnation  of  energy  has  already  been 
stated  in  Article  244,  page  309.  The  principles  which  will  be 
explained  in  the  sequel  are  instances  of  its  application  to  the  actual 
eneigy  of  current  electricity,  and  the  potential  energy  of  electro- 
magnetic attraction. 

394.  The  Bmcvst  •£  ciicmIcsI  ActiMi  is  the  source  of  the  power 
of  electro-magnetic  engines,  as  it  is  of  that  of  heat  engines. 
Chemical  affinity ^  or  the  tendency  of  two  substances  to  combine 
chemically,  is  a  sort  of  potential  eneigy,  which,  when  the  substances 
actually  do  combine,  is  replaced  by  actual  eneigy  in  the  form  of 
heat,  or  of  current  electricity,  or  of  both  combined.  Examples  of 
the  quantities  of  energy  in  lie  form  of  heat  produced  by  the  com- 
bination of  various  substances  with  oxygen  have  been  given  under 
the  head  of  <<  Combustion,"  in  Articles  223,  224,  pages  267  to  273; 
and  those  quantities  can  be  expressed  in  foot-pounds  of  energy 
by  multiplying  by  Joule's  equivalent  of  a  British  thermal  unit, 
772. 

It  is  sometimes  difficult  or  impossible  to  obtain  the  whole 
energy  produced  by  a  given  chemiod  combination  at  once  in  the 
form  of  heat  In  that  case,  the  energy  may  be  obtained  first 
in  the  form  of  current  electricity,  and  reduced  afterwards  to  the 
form  of  heat 

The  following  are  the  data  of  the  greatest  importance  in  the 
theory  of  electro-magnetic  engines : — 

I.  Eneigy  developed  by  the  solution  of  one  lb.  of  anc  in 
Daniell's  batteiy,  the  liquid  in  the  cells  being  a  solution  of  sul- 
phate of  copper  in  water — 

Britiah  thmnii 


t 


Heat  produced  by  the  combination  of  rino  with 
oxygen  and  sulphuric  acid,  and  the  solution  of 
the  compound  in  water, 3006 

Deduct^ 
Heat  consumed  in  separating  copper  in  the  solid 
state  from  the  solution  of  sulphate  of  copper  in 
water, 1587 

1419 
1419  X  772  »  1,095,468  fooUbi.  per  lb.  of  i 
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This  is  less  than  one-ienth  of  the  total  energy  developed  by  burn- 
ing one  lb.  of  carbon. 

II.  Enei^  developed  by  the  solution  of  one  lb.  of  zinc  in  Smee's 
battery^  the  liquid  in  the  cells  being  dilute  sulphuric  acid — 

British  thermal 


Heat  produced  by  the  combination  of  zinc  with  | 

oxygen  and  sulphuric  acid,  and  the  solution   of  >   3006 
the  compound  in  water, ) 

Deduct — 

Heat  consumed  in  separating  hydrogen  from  diluted  ) 

sulphuric  add, j    2106 


900 
900  X  772  =  694,800  foot-lbs.  per  IK  of  zinc. 

This  is  about  om-sixte&rUh  part  of  the  eneigy  developed  by  burn- 
ing one  lb.  of  carbon. 

395.  CAMpanitlTe  C««t  mf  WorkinK  BlecCtwHaagacilc  BnglBM  and 
ncnt  Kacincifc — ^It  IS  certain  that  the  efficiency/  can  be  made  to 
approximate  much  more  nearly  to  unUyy  the  limit  of  peifection,  in 
electro-magnetic  engines  than  in  heat  engines.  At  present,  how- 
ever, the  ratio  of  their  efficiencies  can  only  be  roughly  estimated; 
and  it  may  be  considered  as  a  favourable  view  towards  electro- 
magnetic engines,  to  estimate  their  greatest  possible  efficiency  as 
fiur  times  that  of  the  best  heat  engines  yet  known.  Taking  this 
into  account  along  with  the  results  of  the  calculations  in  the  pre- 
ceding Article,  it  appears  that  the  toarh  performed  per  pound  o/zinc 
consumed  may  be  estimated  as  follows : — 

I.  With  solution  of  sulphate  of  copper  in  the  cells,  A  of  the 
work  per  lb.  of  carbon  consumed  in  a  heat  engine. 

XL  With  dilnte  sulphuric  add  in  the  cells,  iV  =  i  of  the  work 
per  lb.  of  carbon  consumed  in  a  heat  engine. 

Before,  therefore,  electro-magnetic  engines  can  become  equally 
economiod  with  heat  engines  as  to  cost  of  working,  their  working 
expense  per  lb.  of  zinc  consumed  must  feJl  until  it  is  from  /our- 
tenths  to  one  qaanier  of  the  working  expense  of  a  heat  engine  per 
lb.  of  carbon,  or  of  coal  equivalent  to  carbon. 

The  present  price  (September,  1859)  of  sheet  zinc  is  between 
fifty  and  sisAy  times  that  of  such  coaL 

It  is  evident  from  these  &cts  and  calculations,  that  electro- 
magnetic engines  never  can  come  into  general  use  except  in  cases 
where  the  power  required  is  so  small  that  the  cost  of  material 
oonsiuned  is  of  no  practical  importance,  and  the  situation  of  the 
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macbineTy  to  be  driven  is  such  as  to  make  it  veiy  desirable  to  havi 
a  prime  mover  without  a  furnace. 

396.  An  JBleccro-chemical  €ircnU  oonsists  of  a  battery,  with  i 
conductor  connecting  its  two  ends;  and  its  arrangement  may  b 
represented  symboliodly  as  follows : — 

CLZCLZCLZCLZ 


This  represents  a  battery  of  four  cells,  each  cell  being  denoted  by  tb 
symbol  C  L  Z.  Z  denotes  a  plate  of  adnc,  the  sub^nce  to  be  dis 
solved ;  L  the  solvent  liqtdd,  containing  the  substances  that  combin( 
with  the  zinc;  C  a  plate  of  copper,  silver,  or  some  such  metal  whid 
has  less  affinity  for  the  solvent  than  the  zinc  has,  and  which  act 
merely  as  a  conductor.  The  brace  ^->^-'  represents  symbolically  i 
metallic  wire  conuecting  the  ends  of  the  battery.  The  chemica 
action  of  the  solvent  on  the  zinc  puts  the  entire  circuit  into] 
peculiar  condition  described  by  saying,  that  there  is  a  curreiU  ^ 
positive  dectricity  drcidating  tlirovgh  ity  in  each  cell,  from  Z  t^iroug] 
L  to  C,  and  in  the  conductor  — v-'  fix)m  C  to  Z:  not  that  th( 
existence  of  the  so-called  electric  fluid  or  fluids  has  been  proved 
but  that  the  use  of  terms  borrowed  from  those  which  commonlj 
denote  the  motion  of  fluids  is  a  convenient  way  of  describmj 
electrical  phenomena.  The  endmost  portions  of  the  conductoi 
where  it  joins  the  battery,  are  called  the  dectradea;  the  positin 
electrode  joining  C,  the  negative  Z. 

The  strength  of  the  electric  current  is  a  quantity  proportional  t 
the  weight  of  some  standard  substance  which  it  is  capable  c 
decomposing  in  an  unit  of  time.  It  is  expressed  in  units  of  such 
kind,  that  a  ciirrent  of  imit  strength  decomposes 

•02  grain  of  water  per  second,  or 
•0103  lb.  of  water  per  hour. 

The  strength  of  the  current  produced  by  a  given  battery  is  pre 
portional  to  the  quantity  of  zinc  dissolved  in  a  given  time  in  w 
ceU,  To  produce  a  current  of  unit  strength  requkes  the  consomj 
tion  in  each  cell  of 

•0728  grain  of  zinc  per  second,  or 
•03744  lb.  of  zinc  per  hour. 

Let  y  denote  the  strength  of  the  current;  z  the  sine  ccmsume^ 
per  cell  per  hou/r,  in  Iha,',  then 
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^"•03744 ^^-^ 

The  dedro-moiim  force  of  a  battery  is  a  quantity  such,  that  when 
it  is  multiplied  by  the  strength  of  the  current,  the  product  is  the 
energy  produced  by  the  battery  in  a  given  time  (such  as  an  hour). 
It  is  proportional  to  the  number  of  cdUs. 

Let  M,  then,  denote  the  electro-motive  force  of  one  cell^  n  the 
number  of  cells;  also,  let  E  be  the  energy  developed  per  lb.  of  zinc 
consumed,  as  stated  in  Article  394;  then 

Mny  =  En«. (2.) 

So  that 

M  =  -03744  E  =  for  Darnell's  battery,  41014; )       ,^ . 
for  Smee's  batteiy,      26013.  J  ""^  '^ 

In  these  values  of  M,  it  is  to  be  borne  in  mind,  that  the  unit  of 
force  is  one  pound  weight,  and  the  unit  of  time  cm  hour.  In  Pro- 
fessor Thomson's  papers^  the  unit  of  force  is  5^5-5  of  the  weight  of 

a  grain,  and  the  unit  of  time  a  second. 

The  heat  produced  in  a  given  time  by  a  given  current  in  the 
same  circuit  is  proportional  to  the  square  of  the  strength  of  the 
current.     That  quantity  of  heat,  then,  is  expressed  by 

Ry^i (4.) 

Where  II  is  a  quantity  called  the  resistance  of  the  circuit,  being  the 
heat  developed  in  it  in  an  unit  of  time  by  a  cxirrent  of  imit 
strength. 

The  resistance  of  a  circuit  is  the  sum  of  the  resistances  of  the 
various  parts  of  which  it  consists,  comprehending  the  plates  and 
liquid  of  the  cells,  and  the  conductor  which  completes  the  circuit. 
The  resistances  of  conductora  made  of  a  given  substance  are  directly 
as  their  lengths  and  inversely  as  their  sectional  areas,  or  directly  as 
the  squares  of  their  lengths  and  inversely  as  their  weights.  Let  I 
be  the  length  of  any  one  conductor  in  a  circuit,  in  feet^  whether 
solid  or  liquid;  w  its  weight,  in  lbs.;  then 

»==e|j (5> 

where  e  is  a  co-efficient  depending  on  the  material,  and  called  the 
tpec^  resistance  of  that  material     Professor  Thomson  gives  values 

of  (  in  which  the  unit  of  force  is  -^^  of  a  grain  weighty  the  unit 
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of  mass,  that  of  a  grain,  and  the  unit  of  time  one  seocmd:  tc 
reduce  these  to  values  in  which  the  unit  of  force  is  one  pound 
weight,  the  unit  of  mass,  that  of  a  pound,  and  the  unit  of  time 
one  hour,  they  are  to  be  multiplied  by 

8600 
82-2X49000000' 

The  following  are  examples  of  the  results  of  that  reductiooi  foi 
temperatures  of  50*  Fahrenheit : — 

Copper  wire, (  =  from  176  to  128l 

Mercury, ^  =  10,356. 

When  the  circuit  produces  no  chemical  decomposition  out  of  the 
cells,  no  magnetic  induction,  and  no  mechanical  or  other  externa] 
work,  the  whole  of  the  energy  developed  by  the  chemical  action  in 
the  cells  takes  the  form  of  heat  in  different  parts  of  the  cirrait 
This  feust  is  expressed  by  the  following  equation : — 

En«  =  Mny  =  HyS; (6.) 

one  of  the  consequences  of  which  is  the  following : — 

^  =  -R' (7.) 

OTy  the  strength  qfthe  current  ta  directly  cu  the  dedro-molioeforoe  and 
inversely  as  the  reeietance  qfthe  circuit;  being  the  celebrated  prin- 
ciple known  as  "  Ohm's  Law." 

Another  consequence  shows  the  rapidity  of  chemical  action  in  a 
given  circuit,  viz. : — 

Mny  _  M* w* 

397.  XaclencT  •€  Kl«eir«-inag««tlc  Knglaai. — ^Equations  1,  2,  3, 
4,  and  5  of  Article  396  are  applicable  to  all  electro-chemical  circuits 
whatsoever.  Equations  6,  7,  and  8  are  applicable  only  to  an  iiOe 
battery y  as  it  may  be  caUed,  in  which  all  the  energy  is  spent  in  pro- 
ducing heat  in  the  materiiJs  of  the  circuit. 

An  electric  circuit  may  move  mechanism  against  resistance,  and 
60  perfonu  mechanical  work,  in  three  ways. 

I.  By  the  mutual  attractions  and  repulsions  of  currents,  or  of 
parts  of  one  cuirent.  Currents  in  the  same  direction  attract,  and 
currents  in  contrary  directions  repel  each  other.  This  method  has 
been  used  in  philosophical  apparatus  only. 

II.  By  the  attractions  and  repulsions  between  currents  and  per- 
manent magnets.     A  magnet  placed  with  its  south  pole  towaida  the 
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eye  of  the  spectator  attracts  currents  whose  direction  is  that  of 
right-handed  revolution  relatively  to  its  axis,  and  repels  those 
whose  direction  is  that  of  lefb-handed  revolution. 

lU.  B7  the  attractions  and  repulsions  between  temporary  and 
permanent  magnets.  A  conductor  coiled  round  a  soft  iron  bar, 
when  a  current  is  sent  through  it,  magnetizes  the  bar  in  that  direc- 
tion which  makes  it  attract  tibe  current,  according  to  the  principle 
stated  above  under  head  II. ;  when  the  current  ceases  the  magnetism 
ceases ;  when  the  current  is  reversed  the  direction  of  the  magnetism 
is  reversed.  Opposite  poles  of  magnets  attract,  similar  poles  repel 
each  other;  so  that  by  periodically  reversing  the  temporary  mag- 
netism of  a  soft  iron  bar,  it  may  be  made  to  take  a  reciprocating 
motion  towards  and  from  a  permanent  magnet. 

IV.  By  the  mutual  attractions  of  temporary  magnets. 

The  efficiency  of  the  engine  in  all  those  cases  is  governed  by  two 
principles :  1.  The  performcmce  0/ external  toork  hy  cm  electric  circuit 
produces  a  counteractive  force,  opposing  the  eieetromotive  force,  whose 
magnitude  is  equal  to  the  external  work  performed  in  an  unit  of  time 
divided  hy  the  strength  of  tJie  current 

Let  U  be  the  external  work  performed  in  an  hour  by  the  engine. 
This  gives  rise  to  a  certain  counteractive  force,  whidi  causes  the 
current  to  be  of  less  strength  than  that  which  the  battery  produces 
when  idle.  Let  y  be  the  strength  of  the  current  in  the  idle  circuit, 
as  given  by  equation  6  of  Article  396;  and  v'  the  strength  when  the 
work  T7  is  performed  per  hour.     Then  the  counteractive  force  is, 

and  the  strength  of  current  y'  is  the  same  as  if  the  electromo- 
tive force,  instead  of  being  M  w,  were  M  » ,;  that  is  to  say, 

y 

y' 

This  principle  might  be  deduced  as  a  consequence  from  the  law 
of  the  conservation  of  energy;  for  multiplying  equation  1  by  y '  R, 
and  transposing,  we  find, 

U  =  Mny'— Ry'«; (2), 

which  expresses,  that  the  useful  work  of  the  engine  is  the  excess  of  the 
whde  energy  developedin  the  battery  M  n  y',  above  the  energy  wasted 
in  produdrvg  Jieat  K  y'^. 

2.  A  second  principle  is,  that  the  attractions  and  repulsions  pro- 
duced by  a  given  circtdt  amd  appoflratus  anranvged  w»  a  given  way 
are  proportional  to  the  square  ofdU  strength  of  the  current  (a  law  dis- 
covered by  Mr,  Joule);  so  that  we  may  make 

2v 
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U=:A 


y'*,. 


.(3.) 


where  A  is  a  &ctor  depending  on  the  apparatus  used.     Hence 
equation  2  becomes 

Ay'*  =  Mny'— Ry'* ^ •^M 

Divide  by  y'  and  transpose;  then 

Mn 


^-A  +  R' 

Hence  are  deduced  the  following  expressions : — 
For  the  rapidity  of  the  chemical  action, 

Mny'  M«n» 

'"'^="1"  "  E(A  +  Ry 


.(5.) 


.(6.) 


Por  the  useM  work, 


TJ  = 


AM«»« 


.(7.) 


.(&) 


(A+R)*' 

For  the  efficiency  of  the  engine^ 

^     -^y-     A         y  — y^ 
Mny'^Mn     A+R*      y     ' 

From  which  it  appears  that  the  efficiency  of  the  engine  approxi- 

mates  towards  unity  as  the 
factor  A  increases;  but  at 
the  same  time  the  abaoluU 
work  performed  diminishes 
without  limit. 

398.  B«tmUac  Disc  Kih 
gine. — This  machine,  the 
simplest  of  all  electro-mag- 
netio  engines,  but  hitherto 
used  in  the  lecture  room 
only,  is  the  result  of  a  dis- 
covery of  Arago's..  In  fig. 
174,  N  and  S  are  the  norUi 
and  south  poles  of  a  per- 
manent magnet,  so  shaped 
as  to  approach  very  near  to 
the  two  &ces  of  a  copper 
disc  D,  near  its  lower  edge;  that  disc  turns  on  an  axis  A,  whose 
bearings  (not  shown  in  the  figure)  must  rest  on  insulating  supports. 
The  lower  edge  of  the  disc  between  the  poles  of  the  magnet  dips 
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Fig.  174. 
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into  a  cup  M,  containing  mercuiy.  0  and  Z  are  condacting  wires, 
connecting  respectively  the  axis  of  the  disc  and  the  mercury  in 
the  cup  with  the  dectrodea  of  a  galvanic  battery.  By  the  ar- 
rangement shown  in  the  figure,  an  electric  current  is  made  to  pass 
£:oni  the  positive  electrode  to  the  axis  of  the  disc  j  thence  through 
the  disc  to  the  mercury,  and  thence  to  the  negative  electrode  of  the 
battery.  The  action  of  the  poles  of  the  magnet  on  the  disc  is  shown 
by  the  diagram,  fig.  175.  S  is  the  magnet,  with  the  south  pole 
exposed  to  view;  the  arrow  head  on  the  circle  shows  the  direction 
of  the  revolving  current  to  which  the  magnet  is  equivalent.  A  B 
and  A  E  are  two  portions  of  the  current  in  the  disc,  from  the  axis 
to  the  mercury.  According  to  the  principle  that  currents  in 
the  same  direction  attract  each  other,  and  currents  in  opposite 
directions  repel  each  other,  the  magnet  attracts  A  B  and  repels  A  E, 
and  so  keeps  up  a  continuous  rotation  of  the  disc  in  the  direction 
B  E.  The  direction  of  rotation  can  be  reversed  by  reversing  the 
current;  that  is,  by  connecting  A  with  Z  and  M  with  0. 

399.  Boiatin|[  Bar  Engine. — ^This  machine^  the  invention  of  Mr. 
Webster,  is  shown  in  £g.  176.  N  S,  N  S, 
are  two  semicircular  permanent  magnets 
fixed  within  a  frame  of  brass  or  other  dia- 
magnetic  material,  and  having  two  gaps 
between  their  pairs  of  contiguous  poles, 
which  are  similar,  as  indicated  by  the 
letters.  M  is  a  mercury-cup  of  non-con- 
ducting material  on  a  pedestal;  it  is 
divided  into  two  parts  by  a  diametral 
non-conducting  partition,  in  the  plane  of 
the  permanent  magnets,  as  shown  in  £g.  p.    ^^^ 

In  the  centre  of  the  cup  stands  a 
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pivot,  on  which  rotates  the  horizontal  soft  iron  bar  A  B;  the  two 

arms  of  that  bar  are  encircled  by  the  two  portions  of  a  long  coil  of 

conducting  wire.     The  two  ends  of  that  coil  dip 

into    the  two   halves   of  the  mercury  cup,  which 

halves  are  connected  with  the  electrodes  of  a  battery 

bj  the  wires  C  Z.     The  ends  of  the  soft  iron  ba^ 

pass  between  the  poles  of  the  permanent  magnet,  so 

as  to  come  very  near  them,  but  not  to  touch  them. 

To  produce  rotation  in  the  direction  indicated  by  the  arrow,  the  coil 

round  the  bar  A  B  is  so  arranged  that  when  the  end  A  is  moving 

from  8  S  to  K  N,  and  the  end  B  from  NNtoSS,  Aisa  south 

pole,  and  B  a  north  pole.     Then  ^  }  is  |  ^^P^J^  {  by  S  S,  and 
{ r^^^}^  ^^-    ^^  *^®  instant  that  the  ends  of  the  bax 
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pass  the  poles  of  the  perroaDent  magnets,  the  ends  of  the  ooil  pta 
over  the  diametral  partition  into  the  opposite  halves  of  the  mercoiy 
cup;  the  current  through  the  coil  is  reversed,  and  reverses  the 
magnetism  of  A  B,  and  the  attractions  and  repulsions  between  its 
poles  and  those  of  the  permanent  magnets;  and  so  the  rotation  is 
kept  up.  To  reverse  the  rotation,  the  connections  between  the 
halves  of  the  mercury-cup  and  the  electrode  are  reversed. 

400.  The  Planner  KnbI««,  invented  by  Mr.  Froment,  and  made 
by  Mr.  Bourbouze,  is  represented  in  figures  178,  179,  and  180. 


Fig.  178. 


It  is  now  used  to  a  considerable  extent  in  France,  for  driving  smal 
machines  in  places  where  it  would  be  inconvenient  to  have  a  stean 
engine  with  its  furnace  and  boiler.  It  bears  some  analogy  in  it 
form  and  arrangement  to  a  steam  engine  with  four  cylinders 
pistons,  slide  valves,  beam,  crank,  and  eccentria 

Fig.  178  is  a  side  elevation;  fig.  179,  an  end  view,  showing  tw( 
of  the  cyhnders;  fig.  180,  a  plan  of  the  four  cylindere. 

A  A,  B  B,  are  four  soft  iron  hollow  cylinders,  enveloped  in  ooil 
of  conduotmg  wire;  00,  DD,  are  horse-shoe  magnite,  each  o 
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wHch  is  so  shaped  that  its  ends  form  a  pair  of  cylindrical  plungers, 
moving  up  and  down  in  the  hollow  cylinders,  with  just  freedom 


Fig.  179. 

enough  to  prevent  contact;  H  G  F  E  is  the  beam,  from  which  the 
magnetic  plungers  are  hung ;  F  its  centre ;  H  K  the  connecting 
rod;  K  L  the  crank;  L  the  shaft  and  eccentric.  The  shafb  carries 
a  fly  wheel. 

aba  ISA  slide  moved  by  the  eccentric,  the  parts  a  a  being  of  ivory, 
and  b  of  metal ;  cdo,  conducting  wire  fix)m  the  metallic  part  b  of  the 
slide  to  the  negative  electrode;  p,  conducting  wire  from  positive  elec- 
trode; q  n,  conductors  from  p  to  the  coil  round  A  A ;  r  w,  conduc- 
tors fi^m  p  to  the  coil  round  B  B;  ^,  conductor  horn  the  opposite 
end  of  the  coil  round  A  A,  terminating  in  the  spring  e,  which  presses 
on  the  slide  aba;  h,  conductor  from  the  coil  round  B,  terminating 
in  the  spring^J  which  presses  on  the  slide  aba.  The  reciprocating 
motion  of  the  slide  establishes  the  electric  circuit  through  the  coils 
round  A  A,  and  round  B  B,  alternately,  and  thus  magnetizes 
alternately  those  two  pairs  of  hollow  cylinders,  which  attract 
alternately  the  two  pairs  of  magnetic  plungers,  C  C,  D  D,  and 
give  a  recipi*ocating  motion  to  the  beam,  and  a  rotatory  motion  to 
the  shaft     (See  also  p.  5U8.) 
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Addendum  to  Article  357,  Page  500. 

CoriiM  TalTM  amd  GcarfHg. — ^In  the  Corliss  valves  the  valve^eat 
is  of  the  form  of  a  hollow  cylinder,  and  the  valye-port  is  an 
oblong  opening  in  one  side  of  that  cylinder.  The  valve  itself 
is  of  the  form  of  a  sector  of  a  cylinder  of  snch  dimensions  as 
may  be  required  in  order  to  cover  the  port  sufficiently;  and  the 
valve-face  is  a  cylindrical  surface  accurately  fitting  the  hollow 
cylindrical  seat.  In  the  axis  of  the  cylindrical  surfaces  of  the 
valve  and  its  seat  there  is  a  spindle,  about  which  the  valve 
rotates  with  a  reciprocating  motion  through  an  angle  sufficient 
to  make  it  alternately  open  and  close  the  port.  Motion  is  given 
to  the  valve  by  means  of  levers  and  link-work  worked  by  an 
eccentric. 

The  cylinder  of  a  steam  engine  is  fitted  with  four  Corliss 
valves,  two  for  admission  and  two  for  exhaust,  all  of  which  are 
worked  by  one  eccentric.  The  two  exhaust  valves  are  simply 
opened  and  closed  alternately  with  a  motion  like  that  of  an 
ordinary  slide-valve.  The  two  admission  or  steam  valves  are 
opened  in  the  same  way,  each  by  means  of  a  rod  pulling  at  a 
lever.  But  the  rod  is  connected  with  the  lever  by  means  of  a 
detent  which  can  be  made  to  let  go  ilas  hold  at  any  period  of 
the  stroke  by  the  action  of  a  stud  or  wiper,  whose  position  is 
regulated  by  means  of  the  speed-governor ;  and  the  valve  at  that 
instant  is  closed  by  the  action  of  a  spring  so  as  to  cut  off  the 
admission  of  steam.  In  order  to  prevent  the  shocks  which 
might  arise  from  the  too  sudden  closing  of  the  valve,  tl^e  speed 
is  moderated  by  means  of  the  resistance  of  the  air  to  being 
forced  through  a  hole  in  a  small  cylinder  or  dash-pot  whose 
piston  is  connected  with  the  spring  for  closing  the  valve.  The 
suddenness  of  the  action  of  the  governor  is  also  moderated 
by  means  of  a  dash-pot  containing  a  liquid. 

This  system  of  valves  and  valve-gear  is  remarkable  for  the 
smallness  of  its  friction,  the  accuracy  with  which  the  proper 
form  of  expansion  diagram  is  produced,  and  the  precision  with 
which  the  speed  is  regulated  through  the  action  of  the  governor 
upon  the  cut-ofi*. 
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Addendum  to  Articles  55,  56,  and  337 ;  Pages  63  and  480. 

i««chMaoa«  o«T«raors. — The  ordinaiy  governor  is  not  iso- 
chronous; for  when,  in  order  to  adapt  the  opening  of  the 
regulator  to  different  loads,  it  rotates  with  its  reyolving  pen- 
dulums at  different  angles  to  the  vertical  axis,  the  aUUiude 
i  (  =  BC  in  fig.  7,  p.  26)  assumes  different  values,  corresponding 
to  different  speeds.  The  following  are  expedients  for  diminishing 
or  removing  this  defect : — 

I.  Loaded  Governor  (Porter's). — From  the  balls  of  the  common 
governor,  whose  collective  weight  is  (say)  A,  let  there  be  hung 
by  a  pair  of  links  of  lengths  equal  to  the  pendulum-arms,  a  load, 
B,  capable  of  sliding  up  and  down  the  spindle,  and  having  its 
centre  of  gravity  in  the  axis  of  rotation.  Then  the  centri&gal 
force  is  that  due  to  A  alone ;  and  the  effect  of  gravity  that  due 
to  A  +  2B;  consequently  the  altitude  for  a  given  speed  is 
increased  in  the  ratio  A  +  2B  :  A  as  compared  with  that  of  a 
simple  revolving  pendulum;  and  a  given  absolute  variation  of 
altitude  in  moving  the  regulator  produces  a  smaller  proportionate 
variation  of  speed  than  in  the  common  governor. 

II.  Parabolic  Governor, — In  fig.  B,  let 
BX  be  the  axis  of  the  spindle,  and  E  the 
centre  of  one  of  the  balls,  which,  as  it  moves 
towards  or  from  the  spindle,  is  guided  so 
as  to  describe  a  parabolic  arc,  KE,  with  the 
vertex  at  K.  Let  E  F  be  a  normal  to  the 
parabola,  cutting  the  axis  in  F.  The 
vertical  height  of  F  above  E  is  constant, 
being  equal  to  twice  the  focal  distance  of 
the  parabola;  hence  this  governor  is  abso- 
lutely isochronous.  The  balls  may  be 
guided  by  hanging  each  of  them  by  means 
of  a  flexible  spring  from  a  cheek,  LH,  of 
the  form  of  the  evolute  of  the  parabola.  To  find  a  series  of 
points  in  the  parabola  and  its  evolute ;  from  the  vertex  K  lay 
off  KA  =  KB  =  i^;  A  will  be  the  focus,  and  the  horizontal  line 
BY  the  directrix.  Draw  AC  parallel  to  an  intended  position 
of  the  ball-rod;  bisect  it  in  D;  draw  DE  perpendicular  to  AC, 
and  CE  parallel  to  BX;  E  will  be  a  point  in  the  parabola,  and 
ED  a  tangent.  Then  parallel  to  CA,  draw  EF;  this  will  be  a 
normal,  and  a  position  of  the  ball-rod.  From  F,  parallel  to  DE, 
draw  FG,  cutting  CE  produced  in  O ;  and  from  O,  parallel  to 
BY,  draw  G,  cutting  EF  produced  in  H ;  this  will  be  a  point  in 
the  evolute.     In  Farcot's  governor,  the  rod  EH,  in  its  middle 
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position,  is  hnng  from  a  joint,  H,  at  the  end  of  an  arm,  MH ; 
this  gives  approximate  isochronism. 

III.  AdjustaUe-Speed  Oovemor  (Kankine's). — In  this  form  of 

governor  (see  fig.  C) 
the  four  centri&gal 
balls  marked  A  are 
balanced,  as  regards 
gravitj,  about  the 
joint  C  on  the  spin- 
dle XX.  B,  B  are 
sliders  on  the  ball- 
rods  ;  D  B,  D  B, 
levers  jointed  to 
the  sliders  centred 
on  a  point  in  the 
spindle  at  D,  and  of 
a  length  DB  =  CD; 
P,  a  loaded  circular 
_    ^  platform   hung   bv 

*^«-^-  links  BE.  BE;  G, 

an  easy-fitting  collar,  jointed  to  the  steelyard-lever  GH,  whose 
fulcrum  is  at  H;  K,  a  weight  adjustable  on  this  lever.  This 
governor  is  truly  isochronous;  the  altitude  A  of  a  revolving 
pendulum  of  equal  speed  is  given  by  the  equation 


A= 


A;CA« 
4BDB' 


in  which  A  is  the  collective  weight  of  the  centrifugal  masses, 
and  B  the  load,  suspended  directly  at  B,  to  which  the  actual 
load  is  statically  equivalent.  The  load  B,  and  consequently 
the  altitude  and  the  speed,  can  be  varied  at  will,  by  shifting 
the  weight  K ;  which  can  be  done  either  by  hand  or  by  the 
engine  itself.  The  regulator  may  be  acted  on  by  the  other  end 
of  the  lever  GH.  The  levers  DB,  DB,  should  be  horizontal 
when  in  their  middle  position ;  and  then  the  ball-rods  wiU  slope 
at  angles  of  45"^. 

IV.  Spring  Governors  (Silver's,  Weir's,  Sir  W.  Thomson's,  &.C.) 
In  this  class  of  Governors,  which  are  specially  suited  for  use  on 
board  ship,  the  action  of  gravity  on  the  revolving  masses  oagbt 
either  to  be  balanced,  or  to  be  made,  by  rapid  rotation,  so  small 
compared  with  the  centrifugal  force  as  to  be  unimportant.  The 
centrifugal  force  is  opposed  by  springs.  To  make  such  a  governor 
absolutely  isochronous,  the  tension  of  the  springs  ought  to  vary 
in  the  simple  ratio  of  the  distance  from  the  centres  of  the  revolv- 
ing masses  to  the  axis. 
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Addendum  to  Article  365,  Page  508. 


The  meei«r  c^B^auwr  (invented  by  Mr.  Alexander  Morton) 
consists  essentially  of  two  conoidal  nozzles,  one  within  the  other, 
and  pointing  the  same  way.  The  inner  nozzle  brings  injection- 
water  from  the  cold-water  tank;  and  the  sectional  area  of  its 
outlet  is  nearly  that  given  by  the  rules  of  Article  365.  The 
outer  nozzle  receives  the  waste  steam  from  the  cylinder ;  the 
diameter  of  the  throat,  or  narrowest  part  of  its  outlet,  is  a  little 
greater  than  that  of  the  cold-water  nozzle.  Beyond  the  throat 
it  widens  slowly  in  a  trumpet-mouthed  form,  its  diameter  at  the 
mouth  being  about  three  times  the  diameter  at  the  throat. 
If  there  are  two  cylinders,  there  is  an  intermediate  nozzle,  so 
as  to  divide  the  steam  coming  from  one,  from  that  coming  from 
another.  The  condensation  goes  on  in  the  space  between  the 
outlet  of  the  cold-water  nozzle  and  the  throat  of  the  outer  nozzle. 
The  vacuum  is  at  least  as  good  as  in  the  common  condenser. 
The  momentum  of  the  cold  water  and  of  the  waste  steam  carries 
the  whole  condensation-water,  together  with  the  air  it  may 
contain,  through  the  throat  of  the  outer  nozzle,  and  out  at  the 
trumpet  mouthpiece;  and  the  power  required  to  work  an  air- 
pump  is  saved :  as  to  which,  see  page  509.  (See  Trans.  Inst. 
Eng.  Scot,,  1868-69.) 


Addendum  to  Abticle  289,  Page  407. 

iloa  •r  Sccaai  (see  fig.  D).*— 
Draw  a  straight  line  CAB,  in  which 
make  AB  =  4AC.  Draw  AD  perpendi- 
cular to  CAB;  and  about  C  describe 
the  circular  arc  BD  cutting  AD  in  D. 
Then  in  DA  take  E,  so  that  DE  -  DA. 
shall  represent  the  effective  cut-off  (and 
consequently  DA  -s-  D£  the  rate  of 
expansion).  At  E  draw  EF  parallel  to 
AB.  Then  EF-^AB  will  be  the 
required  ratio  of  mean  to  initial  absolute 
pressure  nearly. 


Fig.  D. 


Addendum  to  Abticles  13  and  14,  Pages  14  and  16. 

From  some  experiments  made  by  Mr.  R.  D.  Napier,  forming 
the  subject  of  a  paper  on  friction  and  unguents,  read  before  the 
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Philosophical  Society  of  Glasgow,  on  the  16th  Deoember,  1874, 
by  that  gentleman,  and  experiments  made  by  an  eminent 
foreigner,  but  believed  to  be  not  yet  published,  it  may  be  safely 
deduced  that  the  friction  between  two  bodies  is  a  function  of  the 
force  with  which  they  are  pressed  together  and  of  their  relatiTe 
velocity  of  motion.  It  is  further  probable  that  for  substances 
without  unguents,  the  friction  increases  with  the  velocity  to  a 
certain  maximum,  and  then  diminishes.  Mr.  Napier  believes 
his  experiments  show  '^  that  with  mineral  oils  the  co-efficient  of 
friction  is  less  at  higher  than  at  lower  velocities,  and  that  with 
animal  and  vegetable  oils  the  reverse  is  the  case ;"  and  further, 
with  the  employment  of  unguents  the  friction  has  been  found  to 
increase  with  the  velocity  and  vice  versd,  and  also  to  diminish 
with  the  velocity  and  vice  versd.  A  very  small  co-efficient  of 
friction  was  found  to  obtain  when  a  small  "  quantity  of  water 
was  allowed  to  run  on  the  top  of  oiL"  As  Mr.  Napier  points 
out,  there  is  necessity  for  further  experiment 


Addendum  to  Abticle  290,  Page  413. 

Mr.  Isherwood*  gives  the  following  constants  for  an  absolute 
steam  pressure  of  22  lbs.  per  square  inch  in  pipes  protected  as 
below ;  the  constants  refer  to  a  square  foot  of  external  surface  d 
pipe  per  hour  for  V  Fahrenheit  difference  of  temperature : — 


Bare  or  uncovered  pipe,      •        • 
Coated  with  straw,     .... 
Cased  in  pottery  pipes,  with  air-space, 
Coated  with  cotton  waste,  1  inch  thick, 
Coated  with  old  felt,  .... 
Coated  with  plaster  of  loamy  earth  and  hair, 
The  same  painted  white,    • 


Steun 

Heat 

condeiwed, 

ndlatad. 

poand. 

imitB. 

•00302 

2-876 

HWlOl 

0-962 

•00116 

1106 

•00146 

1-383 

•00166 

1-478 

•00166 

1-576 

•00154 

1-460 

Addendum  to  Articles  305  ahd  337, 
Pages  451  and  480. 

Of  late  years  Asbestos  has  eome  very  much  into  use,  especiaUj 
in  America,  for  the  clothing  of  boilers  and  cylinders,  and  for  the 
packing  of  pistons.  For  the  first  application  it  is  prepared  both 
as  a  paste  and  a  cloth,  and  is  xi&efal  on  account  of  its  great 
resistance  to  the  conduction  of  heat ;  for  the  second  it  is  pre- 
•  Journal  qfFrankUn  Irutitute^  March,  1875. 
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pared  in  ropes  or  rolls,  and  appears  to  compare  favourably  with 
metallic  packing. 


Addendum  to  Article  317,  Page  464. 

ApFMzlants  BhIm  Wut  Safetr  TalTca.  (See  also  p.  465.) — To 
find  the  area  of  actual  opening  required.  Divide  the  area  of 
heating  surface  in  square  feet  by  3  (or  the  area  in  square  inches 
by  432)  ;  divide  the  quotient  by  the  absolute  pressure  in  pounds 
on  the  square  inch  :  the  final  quotient  will  be  the  area  required 
in  fractions  of  a  square  inch. 

^,B. — This  is  based  on  experiments  made  with  circular  valves 
having  a  lift  not  exceeding  -^  of  diameter. 

Given  the  proportion  of  lift  to  diameter  and  the  area  of  opening, 
to  find  the  area  of  the  circular  valve  seat.  Multiply  the  area  of 
opening  by  ^  of  the  ratio  in  which  the  diameter  is  greater  than 
the  lift.  Special  rules  for  valves  in  which,  with  a  pressure  of  10 
pounds  above  the  atmosphere,  the  valve  is  to  rise  not  more  than 
J^  of  the  diameter  of  the  valve  seat.  To  find  the  area  of  the 
circular  valve  seat.  Divide  the  area  of  heating  surface  by  2000 ; 
the  quotient  will  be  in  the  same  sort  of  measure  with  the  area 
of  the  heating  surface.  To  ensure  the  same  proportionate  rise 
with  a  greater  minimum  pressure,  the  area  should  be  varied 
inversely  as  the  absolute  pressure.  To  ensure  the  same  pro- 
portionate rise  with  a  less  minimum  pressure,  the  area  of  valve 
seat  should  be  made  to  vary  inversely  as  the  square  root  of  the 
effective  minimum  pressure  above  the  atmosphere.  ' 

The  Board  of  Trade  allowance  is  half  of  one  square  inch  of 
safety  valve  for  each  square  foot  of  firegrate. 

According  to  the  Prussian  law,  and  allowing  30  square  feet  of 
heating  surface  per  square  foot  of  firegrate,  the  area  of  safety 
valve  is 

36  X  square  feet  of  firegrate 
P 

A  lift  of  ^,  the  diameter  being  sufficient  to  discharge  all  the 
steam. 

The  following  is  from  the  report  on  safety  valves  presented  to 
the  Institution  of  Engineers  and  Shipbuilders  in  Scotland  : — 

1.  The  present  practice  in  this  country  of  constructing  safety 
valves  of  uniform  size  for  all  pressures  is  incorrect. 

2.  The  valves  should  be  flat-faced,  and  the  breadth  of  face 
need  not  exceed  one-twelfth  of  an  inch. 

3.  The  present  system  of  loading  valves  on  marine  boilers  by 
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direct  weight  is  fitulty,  and  ill-adapted  for  seapgoing  TesBeb,  i 
considerable  quantity  of  steam  being  lost  during  heavj  weaiha 
in  consequence  of  the  reduced  effect  of  direct  load — ^the  result  q 
the  angle  or  list  of  the  vessel,  and  also  of  the  inertia  of  th 
weight  itself,  the  latter  not  being  self- accommodating  at  one 
to  the  downward  movement  of  the  vessel,  and,  moreover,  th 
impossibility  of  keeping  the  valves  when  so  loaded  in  goo 
working  order. 

4.  That  two  safety  valves  be  fitted  to  each  marine  boiler,  oo 
of  which  should  be  an  easing  valve. 

5.  The  dimensions  of  each  of  these  valves,  if  of  the  ordinar 
construction,  should  be  calculated  by  the  following  role : — 

.     18xG         ^     O-OxHS 
A= — p —     orA= p 

A = Area  of  valve  in  square  inches. 
G  =  Grate  enrfguie  in  square  feet. 
H  S=Heating  snrfituse  in  square  feet 
P= Absolute  pressure  in  pounds  per  square  inch. 

6.  The  committee  suggest  that  only  one  of  the  valves  may  I 
of  the  ordinary  kind,  and  proportioned  as  above,  and  that  i 
should  be  the  easing  valve.  The  other  may  be  so  constructed  t 
to  lift  one-quarter  of  its  diameter  without  increase  of  pressur 
Valves  of  this  kind  are  now  in  use,  and  one  such  valve,  if  ca 
culated  by  the  following  rule,  would  be  of  itself  sofficient  t 
relieve  the  boilers  : — 

A =— p- + area  of  guides  of  valve, 

A= jp +aiea  of  guides  of  valve. 

Tliis  valve  should  be  loaded,  say,  1  lb.  per  square  inch  less  tha 
the  easing  valve. 

7.  If  the  heating  surface  exceeds  30  feet  per  foot  of  grate  su 
face,  the  size  of  safety  valve  is  to  be  determined  by  the  heatir 
surface. 

8.  As  boilers  decay  from  age  it  is  necessary  gradually  1 
reduce  the  pressure  of  steam,  and  the  committee  recommen 
that  valves  should  be  made  of  a  size  to  suit  the  pressure  i 
which  the  boiler  may  ultimately  be  worked  when  it  beoom< 
old. 

9.  Springs  should  be  adopted  for  loading  safety  valves,  an 
they  should  be  direct-acting  where  practicable. 

When  levers  are  used,  the  friction  of  the  joints  will  oause  a 
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extra  resistance,  and  consequent  increase  of  pressure,  when  the 
valve  is  rising,  and  a  loss  of  steam  through  diminution  of  pres- 
sure before  it  will  dose. 


Addendum  to  Articles  320  and  321^ 
Pages  466  and  467. 

A  method  of  preventing  the  furring  of  boilers  consists  in  lining 
them  with  sheet  copper,  after  an  invention  of  M.  A.  Feldbacher. 
The  sheet  copper  is  lapped  over  the  edges  of  the  plates,  and 
forms  a  water-tight  packing  at  the  joints.  The  greater  number 
of  cases  of  defective  boilers  being  due  to  excessive  encrustation, 
this  sjstem  adds  both  to  safety  and  economy.  A  method  of 
preventing  explosions  under  head  iv.  (Art  320)  is  by  the  intro- 
duction of  a  piece  of  zinc  into  the  furnace. 


Addendum  to  Article  14  a,  Page  19. 

ncMora  •r  iFeighi  aad  3ias«. — If  by  the  unit  of  force  is  under- 
stood the  weight  of  a  certain  standard,  such  as  the  avoirdupois 
pound;  then  the  mass  of  that  standard  isl-i-g;  and  the  unit  of 
mass  is  g  times  the  mass  of  the  standard ;  and  this  is  the  most 
convenient  sjrstem  for  calculations  connected  with  mechanical 
engineering.  But  if  we  take  for  the  unit  of  mass,  the  mass  of 
the  standard  itself,  then  the  unit  of  force  is  what  is  called  the 
ahsoLute  unit :  that  is,  the  force  which,  acting  for  a  second  on  an 
unit  of  mass,  produces  an  unit  of  velocity ;  and  the  weight  of 
the  standard  in  such  units  is  expressed  by  g.  This  is  the  system 
employed  in  many  scientific  writings;  and  in  particular,  in 
Thomson  and  Tait's  I^cOural  FkUosophy, 


Addendum  to  Article  45,  Page  52. 


CMMliiaMs  Bwmkm  §n  BaUway  Twmimm  —  The  USe  of  brake 
power  is  now  considerably  extended  in  railway  traffic,  and 
instead  of  the  brakes  being  only  applied  on  tender  and  guard's 
van,  the  application  has  been  extended  to  the  carriages  com- 
posing the  train.  Very  considerable  resistance  is  thus  obtained, 
and  consequent  cessation  of  motion  at  a  much  earlier  period. 
Various  forms  of  continuous  brake  have  been  tried  recently,  and 
the  results  of  the  experiments  are  fieimiliar  to  engineers.     Some 
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of  the  TarioQS  forms  are  the  screw-brake,  cbain-brake,  Tacaum 
brake,  hydraulic-brake,  and  compressed-air-brake,  in  all  of  whidi 
by  means  of  mecbanism  extending  below  the  carriages  ant 
actuated  by  the  engine-driver  or  guard,  the  whole  or  part  of  th< 
wheels  of  the  train  can  be  braked.  In  the  first  two  methods 
rigid  or  flexible  bodies  are  employed  to  transmit  the  powei 
required,  whilst,  in  the  others,  the  same  object  is  aooomplishec 
through  the  medium  of  fluids.  In  the  hydraulic-brake,  water  ai 
a  high  pressure  from  a  pump  on  the  engine  is  conveyed  by  t 
pipe ;  in  the  vacuum-brake  the  air  is  removed,  and  in  the  air 
brake  the  air  is  forced  under  pressure  to  the  points  required 
In  the  automatic  arrangements,  whether  of  air  or  vacuum,  then 
are  reservoirs.  It  has  been  found  desirable  to  adopt  reservoin 
or  vessels  having  pistons  immediately  in  connection  with  the 
brake  blocks,  the  object  in  the  automatic  arrangements  being  tc 
keep  up  a  certain  condition  in  the  chambers,  whether  of  pressun 
or  vacuum,  by  which,  if  destroyed  either  intentionally  or  acci- 
dentally (as  through  the  breakage  of  a  pipe),  the  braking  action 
may  at  once  take  place. 

In  some  cases  1^  seconds  is  sufficient  to  apply  the  brakes,  and 
fast  trains  can  be  stopped  in  about  300  yards. 

From  experiments  made  by  Capt.  Douglas  Galton,  CR,  F.H.S., 
on  the  efiect  of  brakes  upon  railway  trains,  it  appears  that 

(1.)  The  retarding  efiect  of  a  wheel  sliding  upon  a  rail  is  not 
much  less  than  when  braked  with  such  a  force  as  would  just 
allow  it  to  continue  to  revolve,  the  distance  due  to  friction  ol 
the  wheel  on  the  rail  being  only  about  ^  of  the  friction  between 
the  wheel  and  the  brake  blocks. 

(2.)  The  coefficient  of  friction  between  the  brake  blocks  and 
the  wheels  varies  inversely  according  to  the  speed  of  the  train 
thus,  with  cast-iron  brake  blocks  on  steel  tires,  the  coefficient  oi 
friction  when  just  moving  was  '330, 


At  10  miles 

per 

•  hour  '242 

„  20     „ 

„       -193 

«  30     „ 

»       -164 

9f    *0          „ 

„     -uo 

„  60     „ 

„       -116 

»  60     ,, 

«       -074 

Further  it  was  found  that  this  coefficient  was  affected  bv 
time;  thus,  starting  at  27  miles  per  hour,  the  coefficient  was  -171, 
after  5  sees.  -130,  after  10  sees.  -119,  after  15  sees.  -081,  and 
after  20  sees.  *072 ;  at  47  miles  per  hour  the  ooeffident  at  starting 
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was  *132,  &Iling  after  10  sees,  to  '070;  and  at  60  miles  per  hour 
falling  from  -072  to  -058. 

These  coefficients  are  furtlier  influenced  by  material  and 
weather.  It  was  found  that  the  distance  run  by  a  train  on  the 
level  at  50  miles  per  hour,  varied  with  the  percentage  of  the 
total  weight  of  train  used  for  retardation,  as  follows — with  5  per 
cent.  555|  yda,  10  per  cent.  277f  yds.,  20  per  cent.  139  yds. 
30  per  cent  92|  yds. 

The  author  points  out  among  other  conditions  that  a  perfect 
continuous  brake  should  be  fitted  to  act  upon  all  the  wheels 
of  engine  and  carriages ;  that  it  should  exert  upon  the  brakes  of 
each  pair  of  wheels  within  two  seconds  a  force  of  about  twice 
the  1g«u1  on  these  wheels ;  that  the  brake  block  pressure  should 
be  such  that  the  friction  between  the  block  and  wheel  may  not 
be  greater  than  the  adhesion  between  the  wheel  and  the  rail ; 
and  that  the  action  should  be  automatic,  in  the  event  of  a 
separation  of  the  train  or  failure  of  connections. 


Addendum  to  Abticle  108,  Page  112. 

Prom  a  calculation  of  the  co-efficient  of  friction  of  the  flow  in 
the  4-foot  main  pipes  of  the  Loch  Katrine  Waterworks,  made  by 
the  late  Professor  Eankine  from  data  supplied  by  Mr.  J.  M. 
Gale,  C.E.,*  the  following  was  obtained : 

f^^J^  =-^^  =  000509. 
•'         t^  196-4 

where /=  co-efficient  of  friction,  g  =  gravity,  t  =  rate  of  declivity, 
m  =  hydraulic  mean  depth,  and  v  =  velocity  of  flow  in  feet  per 
second.  Professor  Rankine  further  states  that  Darcy's  co-efficient 
of  friction^  reduced  to  British  measure,  would  give — 


/s=0-005| 


1  + 


dia.  in  inches  J 


Addendum  to  Abticles  261  and  353, 
Pages  334  and  501. 


(called  Double  Cylinder  Engines  in  the 
text)  are  now  generally  used  for  marine  purposes. 

*  See  Trani,  Itut,  Engineers  and  Shipbuilders  in  ScoUand,  YoL  XII. 
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The  arraDgement  is  that  of  two  cylinders,  a  smaller  ti 
a  larger,  placed  yertically  and  side  by  side.  Tlie  steam  pan 
from  the  boiler  into  the  smaller  cylinder,  and,  after  doing  woi 
there,  it  passes  into  the  larger  cylinder,  where  the  remainder 
its  energy  is  utilised.  The  capacity  of  the  large  cylinder 
usually  about  three  times  that  of  the  smaller,  and  the  steam 
cut  off  in  the  small  or  high  pressure  cylinder  at  about  hi 
stroke.  A  considerable  range  of  expansion  is  thua  obtaine 
reaching  in  some  cases  to  ten  times.  About  half  of  the  work  • 
the  steam  is  done  in  each  cylinder. 

The  cranks  of  such  engines  are  usually  set  at  or  about  rig] 
angles,  and  the  exhaust-steam  from  the  high  pressure  cylind 
passes  first  into  a  ''  receiver,"  from  which  it  enters  the  low  pre 
sure  cylinder  at  the  proper  time.  This  receiver  may  be  diffe 
ently  arranged,  but  it  is  virtually  an  enlargement  of  the  stea 
passages  from  one  cylinder  to  another,  the  space  being  sufficient 
large  to  receive  the  exhaust-steam  driven  out  by  the  piston  * 
the  small  cylinder  until  the  larger  piston  is  in  such  a  positic 
that  this  steam  can  act  upon  it. 

»  Where,  as  in  some  cases,  compound-engines  are  constructc 
with  their  cranks  nearly  opposite  each  other,  a  receiver  is  m 
required,  as  the  steam  passes  directly  from  the  one  cylinder  t 
the  other. 

The  advantage  of  the  compound  engine  lies  in  the  economic 
use  of  steam  through  high  expansion,  the  lessening  of  e: 
cessive  variation  of  strain  on  the  moving  parts  through  tl 
distribution  of  the  pressure  on  the  two  pistons,  and  the  moi 
uniform  temperature  at  which  the  cylinders  can  be  maintains 
as  the  low  pressure  cylinder  alone  is  in  communication  with  tl 
condenser. 

In  some  cases,  two  low  pressure  cylinders  are  used,  and  tl 
steam  is  expanded  from  the  small  cylinder  into  these  largi 
cylinders.  The  principle  of  action  is,  however,  the  same,  as  tl 
quantity  of  steam  originally  received  from  the  boiler,  whc 
expanded,  will  theoretically  perform  the  same  amount  of  wod 
whether  ^is  expansion  takes  place  in  one  cylinder,  or  in  two,  < 
more. 

In  the  compound-engine,  we  have  thus  a  similar  action  to  tl 
single  engine,  working  with  same  ratio  of  expansion  where,  for 
part  of  the  stroke,  the  pressure  on  the  piston  is  from  steam  i 
direct  communication  with  the  boiler,  and,  for  the  rest  of  it 
etroke,  the  pressure  is  that  due  to  the  expansive  action  of  tl 
steam. 

The  castings  required  for  lai'ge  compound  cylinders  are  con 
plicated  and  heavy,  such  diameters  as  60  inches  and  104  inche 
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or  the  high  and  low  pressure  cylinders  respectively,  being  now 
•equired  for  large  vessels. 

Of  late* years  the  principal  advance  made  in  the  marine  engine 
las  lain  in  the  use  of  higher  pressures,  and  consequent  greater 
ange  of  expansion.  To  obtain  the  latter,  the  compound  system 
las  lent  itself  in  a  variety  of  ways.  Starting  from  two  cylinders, 
ligh  and  low  pressure,  we  have  now  commonly  three  cylinders 
n  our  large  ocean-going  steam-vessels,  and  these  cylinders  again 
lave  been  variously  arranged.  In  the  case  notably  of  the  CUy 
fJiome,  there  are  six  cylinders  arranged  on  what  is  known  as 
he  tandem  form,  where  three  large  and  low-pressure  cylinders 
lave  three  small  and  high-pressure  cylinders  placed  above  them, 
he  piston-rods  passing  right  through  each  pair  of  cylinders,  and 
ionnected  to  three  separate  cranks.  A  usual  form  of  late  has 
)een  one  high-pressure  cylinder,  with  two  low-pressure  cylinders 
>iaced  on  each  side  of  it,  and  in  line  of  the  ship's  length,  the 
>istons  of  these  three  cylinders  being  connected  to  three  cranks 
m  the  shaft 

The  use  of  steel  plates,  together  with  the  corrugated  furnaces 
low  iised  in  marine  boilers,  has  enabled  the  engineer  to  use  higher 
pressure  of  steam  than  formerly,  and  thus  the  advantages  to  be  ch- 
ained by  using  steam  expansively  have  been  realised  in  practice. 

The  advantage  of  surface  condensation,  whereby  fresh  water 
s  xised  in  the  boiler  instead  of  salt  water,  as  was  common  at  one 
ime,  is  also  on  the  side  of  economy  of  fuel. 

The  tendency  of  modem  improvements  in  the  marine  steam 
engine  and  boOer  is  towards  economy  of  fuel,  and  to  increased 
efficiency  in  proportion  to  weight  of  machinery  and  boiler,  and  thus 
•ender  available  more  of  the  ship's  hull  for  cargo  or  passengers. 

Tubulous  boilers,  in  which  the  water  is  contained  in  the  tubes, 
lave  been  tried  from  time  to  time,  but  have  not  as  yet  been  prac- 
ically  successful,  difficulties  arising  from  defective  circulation, 
ind  the  tendency  for  the  tubes  to  be  affected  by  deposit  from 
mpurities  in  the  water. 

The  JServiay  recently  added  to  the  Cunard  fleet,  has  engines 
iimilarly  arranged  to  the  above,  the  high-pressure  cylinder  being 
'2  in.  diameter,  and  each  of  the  two  low-pressure  cylinders  are 
.00  in.  diameter,  the  stroke  being  6  ft.  6  in.  The  high-pressure 
ylinder  is  fitted  with  piston  valves,  and  the  low-pressure 
ylinders  with  slide-valves.  There  are  seven  boilers,  having  a 
otal  grate  area  of  1,050  square  feet,  and  heating  surface  of 
17,000  square  feet.     The  indicated  horse-power  is  10,500. 

In  the  above  type  of  three-cylinder  engine  the  steam  is  passed 

rom  the  central  high-pressure  cylinder  right  and  left  to  the  two 

ow-pressure  cylinders.  ^ 

^  0 
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The  latest  arrangement  of  the  three-cylinder  engine,  and  < 
which  appeara  to  give  great  economy  of  working,  is  to  pass  1 
steam  from  the  high-pressare  cylinder  into  an  adjoining  k 
pressure  cylinder,  which  in  tnm  exhausts  into  another  h 
pressure  cylinder,  and  finally  from  that  to  the  condenser.  This ; 
pears  to  have  been  first  tried  in  the  "  Propontis/'  engined  by  Jo 
Elder  &  Co.  in  1874.  In  the  Aberdeen,  built  in  1882  by  R.  Nap 
&  Sons,  three  cylinders  are  adopted,  the  steam  passing  from  ( 
to  the  other  as  just  described.  In  this  arrangement  there  are  th 
cranks  placed  at  120°  on  the  shaft.  The  diameters  of  the  cylind 
are  30  in.,  45  in.,  and  70  in.,  the  stroke  of  piston  being  4  fL  6 
The  horse-power,  as  indicated  on  trial  trip,  was  2631,  the  engii 
working  at  70  reyolutions  per  minute.  The  steam  pressure 
125  lbs.  per  square  inch,  and  the  consumption  of  coal  on  trial  i 
pears  to  be  as  low  as  128  lb.  per  indicated  horse-power  per  ho 

The  Claremani,  recently  engined  by  Douglas  &  Grant,  Ki 
caldy,  has  also  three  cylinders,  varying  in  size,  bat  the  hii 
pressure  cylinder  is  placed  above  one  of  the  low-pressure  cylinde 
the  other  low-pressure  cylinder  standing  alongside.  The  notal 
point  in  this  arrangement  is  that  there  are  only  two  cranks 
the  shaft.  The  economy  of  friel  here  is  also  noticeable,  the  resi 
being  on  trial  1*3  lb.  of  coal  per  indicated  horse-power  per  hoi 
The  cranks  are  at  right  angles,  and  in  consequence  a  recei^ 
is  formed  in  the  casing  between  the  second  and  third  cylinde 
The  first  cylinder  is  supported  on  the  second  by  three  wrong] 
iron  columns.  The  second  cylinder  has  the  cover  made  in  halv 
with  a  vertical  fianged  joint  through  the  stuffing-box,  so  as 
enable  its  piston  to  be  taken  out.  The  pressure  of  steam  as 
with  this  engine  is  as  high  as  150  lbs.  per  square  inch.  1 
boiler  is  of  steel,  11  fb.  8  in.  diameter,  and  l^  in.  thick.  1 
mean  pressures  on  the  cylinders  are  about  58,  35i,  and  10^  1 
respectively. 

The  immense  power  developed  by  such  marine  engines  nee 
sitates  crank-shafbs  of  large  diameter ;  hence  in  some  cases  th< 
are  made  hollow,  and  of  steel.  Propeller  shafts  are  also  nu 
hollow. 


Addenda  to  Articles  312  and  313,  Pages  459  and  461. 

The  pressures  now  commonly  used  at  sea  with  triple-  or  qui 
ruple-expansion  engines  are  about  150  lbs.  per  square  inch  a 
upwards,  and  the  consumption  of  coal  under  2  lbs.  per  indicat 
horse-power  per  hour. 

To  withstand  such  pressures,  the  shell-plating  of  boilers 
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made  of  a  thickness  of  1  inch  and  more;  the  end  plates  are 
usually  about  14  per  cent,  thicker. 

Ctenerally  the  total  heating  sur&oe  in  marine  boilers  is  from 
25  to  28  times  the  grate  area^  and  the  tube  surface  is  about 
5-6ths  of  this. 

The  tubes  are  about  6  feet  long  and  3  inches  in  diameter. 

The  heating  surface  is  sometimes  stated  as  yarying  from  16 
to  20  square  feet  per  nominal  horse-power,  the  indicated  horse- 
power being  from  five  to  six  times  the  nominal  horse-power;  or  the 
heating  su^su^e  may  be  stated  as  about  3  square  fL  per  indicated 
horse-power,  the  grate  area  being  about  -i^  of  the  heating  sur&ce, 
or  from  ^  to  -^jy  of  a  square  foot  per  indicated  horse-power. 


Addendum  to  Article  318,  Page  465. 

Steel  plates  are  now  being  used  for  the  construction  of  boilers 
and  ships.  Such  steel  possesses  great  strength  and  ductility, 
giving  an  ultimate  tensile  strength  of  about  30  tons  per  square 
inch  with  an  elongation  of  about  28  per  cent. 

The  advantages  of  steel  plates  for  boilers  are  very  obvious,  as 
from  the  great  strength  of  the  material  the  plates  may  be  reduced 
in  thickness,  thus  enabling  the  strain  due  to  internal  pressure  to 
be  more  uniformly  distributed  over  the  section;  the  thinner 
plate  will  also  more  readily  transmit  heat. 


Addendum  to  Article  368,  Page  609. 

In  the  Surface  Condensers  now  used  at  sea  with  compound- 
engines,  it  is  usual  to  pass  the  water  by  means  of  a  reciprocating 
pump  through  the  tubes,  the  steam  being  admitted  from  the 
low-pressure  exhaust  into  the  space  enclosed  around  the  tubes : 
the  vacuum  obtained  is  about  28  inches.  The  tubes  are  of 
brass,  and  measure  {-inch  external  diameter.  An  immense 
length  of  such  tubes  is  required,  so  as  to  obtain  the  necessary 
cooling  surfisu^,  which,  for  engines  indicating  about  3,000  horse- 
power, will  be  about  6,000  square  feet ;  or  generally,  the  cooling 
surface  in  the  condensers  is  about  2  square  feet  per  indicated 
horse-power. 


Addendum  to  Article  220,  Page  26L 

Peed-water  heaters  are  being  introduced  into  boilers  with  good 
results*     The  principle  upon  which  these  appliances  depend  ia 
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the  delivery  of  the  feed-water  to  the  boiler  at  a  nniformlj  high 
temperature,  such  as  200*  F.,  and  higher,  and  the  freeing  of  the 
water  from  impurities.  Exhaust  steam  is  used,  and  in  some  cases 
live  steam  from  the  boiler.  The  exhaust  steam  is  passed  into 
tubes  surrounded  bj  the  feed-water  contained  in  a  strong  casing, 
and  after  circulating  passes  off.  The  water  receives  so  much 
heat  from  the  surfaces  of  the  tubes,  and  is  affcerwards  further 
heated  by  a  coil  of  pipes  containing  live  steam.  Any  matter 
precipitated  as  a  deposit  is  received  in  a  filter  chamber  contain- 
ing charcoal,  and  the  water  thus  purified  and  heated  passes  to 
the  boiler. 


Addendum  to  Abticle  234,  Page  290. 

Of  late  years  many  improvements  have  been  made  in  connection 
with  steam  boilers,  with  the  view  of  increasing  the  economy  of 
the  fuel,  and  thereby  rendering  the  boiler  a  more  effident 
steam  generator.  The  loss  due  to  emission  of  smoke  may  in 
many  cases  be  met  by  careful  firing.  Appliances  known  as 
mechanical  stokers  have  been  introduced,  whereby  the  fuel  is 
gradually  fed  to  the  furnace  through  a  hopper  arrangement  in 
front,  means  being  adopted  to  work  the  coal  to  back  of  furnace. 
Another  method  of  fuel  feeding  has  been  recently  tried,  in  which 
the  coal  is  charged  upon  a  movable  truck,  which  by  gearing  is 
pushed  inside  the  grate,  and  below  the  fire  bars ;  the  fresh  coal 
is  then  lifted  and  pushed  up  below  the  burning  fuel,  and  thus 
partially  cokes  before  being  consumed.  Forced  draught  is  used 
on  board  some  steam  vessels,  such  as  torpedo  boats. 


Addendum  to  A&ticlb  337,  Page  480. 

Amongst  various  forms  of  marine  engine  governors,  Dnnlop's 
pneumatic  governor  has  been  found  very  serviceable  for  compound 
marine  engines.  In  this  governor  the  controlling  power  lies 
in  the  level  of  the  water  outside  the  ship,  as  this  varies  from 
time  to  time  with  the  pitching  of  the  vessel.  The  apparatus 
consists  of  an  air  vessel,  which  is  placed  in  communication  with 
the  sea  by  a  cock.  The  air  becoming  compressed  the  action  is 
communicated  to  the  governor,  which  consists  of  a  casing 
containing  an  air-tight  space  in  connection  with  a  pipe,  and 
fitted  with  an  india-rubber  diaphragm.  This  diaphragm  as  it 
xises  and  fedls  (due  to  the  pressure  of  the  air,  as  acted  upon  by 
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the  varying  level  of  the  waves)  acts  upon  a  spring,  which  motion 
is  communicated  to  the  throttle  valve  by  means  of  a  link. 


Addenda  to  Section  7,  Page  528. 

Tlie  maximum  weight  of  freight  cars  on  the  American  lines 
is  8,000  lbs.,  and  the  weight  on  the  locomotive  driving  wheel  is 
15,000  lbs.,  and  an  economical  weight  of  steel  rail  has  been 
found  to  be  about  56  or  67  lbs.  per  yard. 

In  reference  to  the  life  of  steel  rails  much  depends  upon  the 
composition  of  the  steel;  as,  if  required  by  the  testis  to  show  a  high 
ductility,  the  wear  does  not  appear  to  be  so  great  as  if  of  stiffer 
and  harder  material. 

The  following  shows  some  of  the  requirements  for  Bessemer 
steel  rails :  length  to  be  30  feet,  to  be  made  of  Hematite  pig, 
and  charcoal  Spiegeleisn.  The  ingots  to  be  heated,  and  cogged, 
or  hammered  into  blooms  8  in.  sq.,  these  blooms  to  be  again  heated 
and  rolled  into  the  rail.  Two  holes  1^''  dia.  for  iish  bolts,  to  be 
drilled  in  web  at  each  end.  The  analysis  must  show  carbon  not 
less  then  '3  per  cent,  or  more  than  '45  per  cent.,  silicon  not  more 
than  '06  per  cent.,  phosphorus  not  more  than  *06  per  cent., 
sulphur  not  more  than  *06  per  cent. 

Tests. — ^A  rail  30  feet  long  to  be  placed  on  3'  6"  bearings,  having 
a  weight  of  25  tons  suspended  at  centre  of  rail,  the  corresponding 
deflection  not  to  exceed  f  after  half  an  hour,  and  upon  removal 
of  load  there  must  be  no  permanent  set.  The  rail  placed  as 
above  to  be  subjected  to  two  blows  of  a  weight  of  1  ton  falling 
from  a  height  of  18  feet  on  centre  without  breaking.  Permanent 
set  must  not  exceed  2^''  at  each  blow.  The  tested  rails  to  be 
afterwards  broken,  and  the  fracture  must  show  a  close-grained, 
homogeneous  surface.  One  rail  in  each  hundred  to  be  thus 
tested,  and  if  failure  takes  place  the  whole  one  hundred  rails  of 
this  set  may  be  rejected. 

In  an  article  on  ''The  Limits  to  Speed"  (published  in  The 
Engineer)  by  Professor  Osborne  Reynolds  it  is  shown  that 
the  resistance  of  an  engine  at  high  speeds  is  about  45  lbs.  per  ton 
of  its  weight,  and  taking  this  weight  at  20  tons,  a  pull  of  900 
lbs.  will  be  required  to  balance  this  resistance,  and  to  keep  up 
the  necessary  pressure  the  boiler  must  supply  steam  enough  to 
fill  the  cylinders  200  times  per  mile.  In  speaking  of  the  limiting 
strength  of  tires,  it  is  pointed  out  that  the  bursting  tension  is 
due  to  the  centrifugal  force  arising  from  the  rotation  of  the  wheel, 
^n<^  that  *hif  tension  per  square  inch  of  section  of  the  tire  is 
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the  product  of  the  weight  of  a  cubic  inch  of  the  material,  th© 
square  of  the  velocity  in  feet  per  second  and  a  constant  *36. 

The  strength  of  iron  is  about  one-half  of  steel  tires.  The 
difficulty  of  keeping  a  railway  train  steady  at  high  speeds 
is  pointed  out  as  a  hindrance  to  increase  in  speed.  This  arises 
from  various  causes — the  condition  of  the  road^  and  the  inherent 
elasticity  of  the  machine  itself. 


^ 


TRAMSVEBSB  SECTION 
Fig.  £. 


Kg.    E.    is    a    sectional    view   of   Webb's   new    oomponnd 
locomotive  engine,  which  has  been  tried  succMsfoUy  on  the 
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London  and  North-Western  Railway.  The  drawing  shows  the 
arrangement  of  the  cylinders,  as  illustrated  in  "  Ths  Engineer^* 
which  journal  describes  the  arrangement  as  follows : — "  The 
trailing  drivers  are  driven  by  a  pair  of  outside  cylinders,  IH  in« 
diameter,  and  24  in.  stroke,  secured  to  the  side  frames  at  a  point 
just  in  advance  of  the  leading  driving  wheels.  In  the  smoke-box 
right  beneath  the  funnel  is  fixed  a  third  cylinder  26  in.  diameter, 
and  24  in.  stroke,  the  connecting  rod  of  which  lays  hold  of  the 
pin  of  a  single  crank  in  the  middle  of  the  length  of  the  leading 
driving  axle.  The  exhaust  steam  from  the  two  small  cylinders 
passes  into  a  kind  of  gridiron  of  pipes  between  the  engine  frames, 
-which  pipes  act  as  an  intermediate  receiver,  and  from  thence  it 
is  led  into  a  copper  pipe  coiled  in  the  smoke-box,  in  oi*der  that  it 
may  be  reheated  and  dried.  Thence  it  goes  into  the  valve  chest 
of  the  large  cylinder."  There  are  thus  a  pair  of  driving  wheels 
behind  the  fire-box,  driven  by  the  two  side  cylinders  and  a 
pair  of  driving  wheels  before  the  fire-box,  driven  by  the  large 
single  cylinder.  No  coupling  rods  are  employed.  With  a  boiler 
pressure  of  120  lbs.,  the  receiver  pressure  is  about  50  lb&  The 
compound  system  for  locomotives  has  also  been  tried  in  France. 

In  Merryweatber's  steam  fire-engine  the  boiler  has  the  water 
inside  the  tubes,  the  latter  hanging  down  into  the  fire.  The 
consumption  of  Aiel  is  about  1  lb.  of  coal  per  \Q\  lbs.  of  water 
evaporated.  The  working  pressure  is  100  lbs.  The  engines  are 
horizontal  and  direct-acting,  the  pumps  are  direct  and  double- 
acting,  and  are  made  of  gun  metal  j  air  vessels  are  fitted  on  the 
suction  and  delivery  ways. 


Addbndum  to  Article  302,  p.  446. 

Of  late  years  considerable  improvement49  have  been  effected  on 
the  Gas  Engina  The  *'  Otto  "  engine  being  now  arranged  hori- 
zontally, and  is  quite  silent  in  its  action.  The  explosive  action 
takes  place  always  on  the  same  side  of  the  piston,  and  at  every 
two  revolutions.  The  first  c^troke  draws  in  the  mixture  of  gas 
and  air,  the  back  stroke  compresses  this  at  end  of  cylinder,  the 
gas  is  then  fired  by  a  gas  jet  and  suitable  valves,  and  the  return 
stroke  expels  the  products  of  combustion.  A  uniform  speed  of 
rotation  is  kept  up  by  means  of  a  heavy  fly-wheel,  which  stores 
up  the  surplus  power  at  each  revolution.  The  cylinder  is  kept 
cool  by  means  of  a  circulating  current  of  water.  These  engines 
are  made  up  to  60  indicated  horse  power ;  and  the  consumpt  of 
gas  appears  to  be  about  22  cubic  feet  per  indicated  horse  power 
per  hour. 
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In  Clark's  engine  the  explosion  takes  place  at  each  revolatioa 
The  proportion  of  gas  to  air  is  about  1  to  12.  The  compreasioi] 
of  this  mixture  previous  to  explosion  is  of  advantage,  as  it  u 
found  that  the  explosion  is  more  gradual  as  the  piston  swecpi 
forward.  The  temperature  of  the  exploded  mixture  is  about 
2,800  °  F.  The  pressure  ranges  from  about  200  lbs.  at  b^inning, 
to  30  lbs.  at  end,  of  stroke  respectively. 


Addendum  to  Pabt  IY.,  p.  539— Electro-Magnetic 
Engines. 

As  in  electric  lighting,  a  considerable  advance  has  recently 
been  made  in  electric  motors.  These  consist  of  dynamo  machine! 
driven  by  currents  of  electricity,  which  may  be  generated  in 
various  ways. 

Thus,  in  some  applications  of  electric  motors  to  tram-cars, 
steam  or  water  power  is  used  to  generate  the  electricity,  through 
the  medium  of  a  dynamo  machine.  The  current  is  thereafter 
conveyed  to  another  dynamo  machine  connected  with  the  wheels 
of  the  vehicle. 

Through  the  use  of  ^'  Secondary  Batteries,"  successful  attempts 
have  been  made  to  propel  small  vessels.  In  a  recent  experi- 
ment, a  boat  having  a  pair  of  Siemens'  dynamos  as  engines  (the 
electricity  being  obtained  from  a  secondary  battery  charged 
previous  to  starting  by  dynamo  machines  driven  by  a  steam 
engine  on  shore)  was  propelled  at  a  speed  of  9  miles  per  hour. 


Addendum  to  Section  4,  p.  507 — Centeipugal  Puicps. 

Centrifugal  pumps  are  now  much  used  for  the  discharge  of 
water.  Their  efficiency  is  greatest  at  low  lifts.  Where  the 
lift  is  great,  several  pumps  are  used  at  various  heights.  They 
form  convenient  circulating  pumps  for  the  condensers  of  marine 
engines.  As  the  results  obtained  vary  considerably,  it  is  some- 
what difficult  to  define  the  efficiency. 

The  arrangement  of  such  pumps  is  not  unlike  the  part  B  of 
the  turbine  (Fig.  76,  p.  205),  the  motion  of  the  wheel  being  in 
the  opposite  direction.  The  curved  blades  act  upon  the  water 
which  enters  the  casing  from  the  centre,  and  is  thrown  out  at 
the  periphery  by  the  centrifugal  action.  The  casing  surrounding 
the  blades  increases  in  area  towards  the  discharge  pipe. 

From  experiments,  the  weight  of  water  lifted  appears  to  vary 
inversely  as  the  square  root  of  the  height,  and  the  efficiency 
is  about  64  per  cent. 
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ivire  BoipM. — From  a  comparison  of  the  strength  of  iron  and 
steel- wire  ropes,  it  appears  that  the  ordinary  steel  rope  is  nearly 
double  the  strength  of  the  iron  rope.  In  some  special  steel-wire 
ropes  the  strength  is  more  than  double  that  of  the  iron- wire  rope. 
The  safe  working  load  on  such  ropes  when  used  vertically,  as  in 
pits,  is  one-tenth  of  the  breaking  or  ultimate  load.  When  used 
on  inclines,  the  working  load  is  about  one-seventh  of  the  ultimate 
strength.  The  "  life"  of  a  rope  appears  to  be  about  a  year  and 
a-half. 

Let  L  =  Breaking  load  in  tons,  and  C  »  Circumference  of 
rope  in  inches,  then : — 

L  s=   -7^ —  for  iron-wire  ropes; 


L  = 


9 
25C2 
9 

02 

-—  for  hemp  ropes. 
4 


for  steel-wire  ropes; 


Addendum  to  Section  2,  p.  485. 

Tnlrc  Oear  iii«u«bs. — Various  forms  of  link  motion  have  been 
devised  with  the  view  of  obtaining  the  necessary  reciprocating 
motion  of  the  valve  without  the  intervention  of  eccentrics.  One 
of  these,  known  as  Joy's  valve  gear,  appears  to  carry  this  out 
with  great  precision. 

In  this  arrangement  the  eccentric  is  done  away  with,  and  the 
necessary  movement  obtained  from  the  motion  of  the  connecting 
rod  itself 

Fig.  1  shows  the  application  of  this  arrangement  to  locomo- 
tive engines,  and  Fig.  2  to  marine  engines. 


Fiir.  1. 
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A  link,  L  (see  Fig.  1),  whose  extremities  are  seouxed  to  the 
coxmeotizig  rod,  C,  and  to  a  radius  bar,  B,  has  a  lever,  £, 
attached  to  it,  whose  centre  or  fhlcrum  works  in  a  slot,  S»  carved 
to  the  radius  of  a  link,  K,  which  connects  the  other  end  of  the 
lever  with  the  valve  spindle,  V. 

The  slot  can  be  turned  or  rotated  so  as  to  incline  on  either  side 
of  the  vertical  at  will.  By  giving  the  slot  these  inclined  posi- 
tions^ forward  or  backward  motions  of  the  engine  are  obtained. 


In  some  cases  the  slot  is  dispensed  with,  and  the  fdlcniin  of 
the  lever  is  carried  by  a  radius  rod.  The  path  of  the  centre,  or 
fulcrum,  in  this  case  can  be  shifted  by  means  of  a  weigh  lever 
and  hand  wheel     (See  Fig.  2). 

One  great  advantage  of  this  form  of  valve  gear,  when  applied 
to  locomotives,  is  that  the  slide-valve  can  be  placed  on  the  top 
of  the  cylinder,  and  thus  larger  cylinders  and  greater  bearing 
surfaces  for  the   driving  axles  obtained.    Another  advantage 
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appears  to  be  that  it  gives  four  points  of  acceleration  and  four 
points  of  retardation  in  the  stroke,  these  points  of  acceleration 
corresponding  to  the  points  of  "  admission "  and  of  **  cub-off/' 
and  by  this  peculiarity  not  only  is  the  admission  and  the  cut-off 
executed  very  much  more  smartly  than  by  link,  but  the  "release" 
occurs  somewhat  later  and  the  compression  very  much  later,  and 
as  a  result  of  this  an  independent  expansion  valve  is  unnecessary. 
The  dotted  lines  in  Fig.  1  show  the  paths  of  the  various 
centres. 


AnnsKDinc  to  Abtigle  261,  p.  334— Compound  Enqine 

DiAOBAlCS. 

Professor  Bankine  treats  the  construction  of  compound  engine 
diagrams  as  follows  (see  "Memorial  Volume,"  p.  454,  or  The 
Engineer,  March  11,  1870)  :— 

Fig  1  is  a  theoretical  combined  diagram  for  an  engine  without 
a  receiver,  and  is  shown  by  the  letters  0  D  EFO. 


II 

-  -y 

r\ 

-^ 

^-_J!s^s?™            A- 

6 

I  '                                          j^ 

'                                 r 

Fig.  1. 

O  0  is  the  initial,  and  B  E  the  final  absohUe  pressure ; 

O  0  =  B  F  is  the  mean  back  pressure ; 

A  A  is  the  atmospheric  line ; 

O  B  is  the  zero  line  of  absolute  pressure ; 
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HE»EGsOBis  the  effective  capacity  of  the  large  cjlinder; 

C  D  is  the  initial  volume  of  steam  admitted  per  stroke  ;  and 

EH 

p-|y  is  the  total  rate  of  expansion. 

The  dividing  line  marking  the  boundary  between  the  high* 
and  low-pressure  theoretical  diagram  is  represented  by  KH, 
and  is  found  as  follows : — 

<*  In  O  B  lay  off  0  P  to  represent  the  effective  capacity  of  the 
higlhpressure  cylinder.  Through  P  parallel  to  O  G  draw  the 
straight  line,  P  J  K,  cutting  the  back  pressure  line  in  J,  and 
the  expansion  curve  in  K ;  then  K  will  be  one  end  of  the  divid- 
ing line. 

"  Through  the  lower  end,  E,  of  the  expansion  curve  (assumed 
to  be  a  hyperbola),  and  parallel  to  B  O,  draw  E  H,  cutting  O  0 
in  H ;  then  H  will  be  the  other  end  of  the  dividing  line." 

To  find  intermediate  points,  draw  parallel  to  O  B  a  series  of 
straight  lines,  such  as  T  B  Q,  T"  R'  Q',  and  lay  off  on  each  of 
these  lines  a  part,  such  as  B  S,  bearing  the  same  proportion  to 
B  Q  that  P  O  bears  to  P  B;  the  points  so  found,  such  as  S  and 
S',  will  be  in  the  required  dividing  line,  K  H. 

The  areas  of  the  two  parts,  CDKH  and  KEPQH,  show 
the  comparative  quantities  of  work  done  in  the  high  and  low- 
pressure  cylinders. 


Fig.  2. 


Fig.  2  shows  the  method  of  adapting  the  actual  diagrams  for 
comparison,  thus : — 

CDKH  is  the  diagram  of  the  high-pressure  cylinder,  and 
^j  h  that  of  the  low-pressure  cylinder.  In  combining  these,  the 
length  of  the  base^  O  P,  and  all  lines  parallel  to  it,  are  to  te 
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^  increased  in  the  ratio  in  which  the  effective  capacity  of  the 
low-pressure  cylinder  is  greater  than  that  of  the  high-pressure 
cylinder." 

O  B 

O  P  is  first  to  be  extended  to  B,  so  that  Qp= c  is  equal  to  the 

ratio  as  above  noted — ^viz.,  high  to  low  cylinder  capacity. 

Now  draw  a  series  of  lines  parallel  to  O  B,  such  eis  arq^  hiey 
and  draw  P  k,  then  lay  off  «  ^  =  c  x  r  »,  the  curve,  k  q  ej,  drawn 
through  the  x)oints,  such  as  q,  is  the  required  boundary  of  the 
enlarged  low-pressure  diagram — viz.,  kqejhsk.  A  A  is  the 
atmospheric  line. 

When  the  engine  has  a  receiver,  draw  01  perpendicular 
to  OB^  (Fig.  3),  and,  lay  off  parallel  to  OB,  say  Mk^cxsT. 
C 


The  curve,  Ikefg,  drawn  through  the  points,  such  as  ^,  e, 
&c,  thus  found  will  be  the  required  boundary  of  the  enlai'ged 
low>pressure  diagram. 

When  the  area  of  the  diagram  represents  work  done,  the 
length  of  the  base  represento  the  effective  capacity  of  tJie 
cylinder.  It  is  thus  necessary  when  combining  the  two  dia- 
grams that  (as  already  shown)  we  increase  the  length  of  base  of 
low-pressure  diagram,  and  all  horizontal  lines  in  i^  in  the  ratio 
of  capacity  of  low*  to  high-pressure  cylinder. 
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Expansion  of  Steam  in  Compound  Engikbs.* 
(1.)  ScUwrated  Steam  Expanding  m  Jacketed  Cylinders. 

B  =  Ratio  of  cylinder  capacities. 

B^sEatio  of  expansion  in  low-pressure  cylinder 

L.P.  stroke  in  inches 


"  L.P.  cut-off  in  inches  ' 

r= Ratio  of  expansion  in  high-pressure  cylinder 

H.P.  stroke  in  inches 
H.P.  cut-off  in  inches* 

P  =  Absolute  boiler  pressure  in  lbs.  per  square  inch. 

P^  =  Absolute  initial  pressure  in  high-pressure  cylinder. 

Pj  =  Absolute  mean  receiver  pressure — 1.«.,  that  pressure  at 

which  the  mean  pressures  as  calculated  by  the  first 

term  of  Rule  Y.  will  have  the  same  ratio  to  each  other 

as  the  actual  diagram  mean  pressures. 
P.s  Absolute  back  pressure  in  low-pressure  cylinder  (3  to 

4  lbs.) 

(I.)  Pj^PxC. 

''  0  "  varies  in  different  engines  from  *8  to  'QT,  according  to 
the  size  and  length  of  steam-pipe,  and  the  port  opening  at  the 
high-pressure  valve. 

(n.)P,=^xO,. 

"Cj"  in  receiver  engines  varies  from  '9  to  1*2,  according  to 
the  receiver  capacity,  the  cylinder  clearances,  and  the  amount 
of  wire-drawing  by  the  valves. 

To  determine  the  ratio  of  the  cylvndere  and  the  degree  of  expan- 
sion in  each. — With  a  given  boiler  pressure^  P,  and  a  given 
total  expansion,  r  R,  the  actual  values  of  r,  R^^,  and  R  ought 
to  be  such  as  to  satisfy  the  following  equation : — 

(HI.)  P,  (i±^ZEJ2iir).p^=R  |p^(i±iZ^2g:i).P,| 

*Mr.  R.  L.  Weiflrhton,  M.A,  on  «'The  Gompomid  Engine,"  Tms. 
Inst.  Engmeen  and  Shipbuilders  m  Scotland^  vol.  27. 
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In  this  equation  we  mnst  first  fix  upon  B,  which  will  usually 
lie  between  3  and  4 — the  particular  value  of  R  not  being  of 
vital  moment,  but  yar3ring  in  a  general  way  with  the  boiler 
pressure  and  the  total  expansion.  Then  let  TL  be  fixed  upon 
as  nearly  as  practicable  equal  to  It,  and  not  falling  short  of  it 
in  any  case  by  more  than  40  per  cent.  From  Rule  IIL  the  value 
of  r  may  then  be  found,  and  this  will  give  the  normal  working 
grade  of  expansion  in  the  high-pressure  cylinder.  At  all  other 
grades  the  respective  powers  developed  in  the  cylinders  will  be 
unequal. 

To  Estimate  the  Mean  Pressure. — ^The  readiest  method  of  com- 
paring the  powers  developed  by  compound  engines,  consists  in 
reducing  the  mean  pressure  of  the  high-pressure  cylinder  to 
what  it  would  amount  to  if  it  acted  upon  the  low-pressure 
cylinder.  This  is  effected  by  dividing  the  mean  pressure  in  the 
high-pressure  cylinder  by  the  ratio  of  the  cylinders  (R),  and 
adding  to  it  the  mean  pressure  in  the  low-pressure  cylhider. 
The  result  is  a  total  mean  pressure,  which,  if  treated  as  acting 
alone  upon  the  low-pressure  piston,  will  give  the  same  totfd 
power  as  is  given  by  treating  each  cylinder  separately. 

(IV.)  Total  mean  pressure  reduced  to  low-pressure  cylinder 

*^  C^*  in  receiver  engines  varies  from  '53  to  *73,  according  to 
the  general  efficiency  of  the  engines,  which  includes  the  efficiency 
of  the  steam-pipes  and  passages,  of  the  jacketing,  of  the  con- 
denser, and  of  the  low-pressure  cut-off  point.  In  short,  0^  is 
virtuaUy  an  index  of  the  comparative  efficiencies  of  different 
engines  of  similar  design. 

When  superheated  steam  in  jacketed  cylinders  is  used,  the 
constants,  C^  and  Cj,  will  usually  be  about  10  per  cent,  higher 
than  for  saturated  steam. 

Example  from  practice  with  vertical  screw  engines  of  the 
usual  marine  type : — 

Cylinders,  34"  and  60"  diameter  respectively.     Stroke,  3'  -^  9". 
Cut-off  by  expansion  valve  in  high  pressure  at   16"  of  tho 

stroke. 
Cutoff  by  main  valve  in  low  pressure  at  26f "  of  the  stroke. 
Steam  pressure  in  boilers,  63  lbs.  (above  atmosphere). 
Average  back  pressure,  3  lbs.,  as  measured  from  cards. 
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Average  initial  pressure  in  high  preasnre,  74  lbs.  (abcolate),  u 
per  cards. 

Cylinders  jacketed — ^steam  saturated. 

'12 
J. 
U 


Clearance  H.P.  =  To  <^^  cylinder  capacity. 
Clearance  L.P.  =^2  of  cylinder  capacity. 


Receiver  capacity =70  cub.  ft.  =:^  of  H.P.  cylinder. 

Cranks  at  right  angles,  and  high-pressure  crank  leading. 
Actual    diagram    mean    pressures    in    above    circumstances » 

29-3  lbs.  in  H.P.,  and  10  lbs.  in  L.P. 

29*3 
Actual  mean  pressure  reduced  to  L.P.  =  -^=5-  + 10. 

=  945 +  10  =  19-45. 
le,,  R  =  31,  Ri  =  l-7,  r  =  2-8,  rR  =  8-68  (total    expansion); 

P  =  63  +  15  =  78,Pi  =  74,P8  =  3. 
Then:— 
P      74 

The  following  gives  the  value  of  Pg,  which,  when  treated  as 
an  average  back  pressure  on  the  high-pressure  piston,  and  an 
average  initial  pressure  on  the  low-pressure  piston,  will  give 
mean  pressures  bearing  a  ratio  to  each  other  identical  with  the 
ratio  of  the  actual  diagram  mean  pressures. 


^^(It^y^y^^ 


(V.) 


ie.(74x724-Pg)    293 
(P,  x-9    )-3  °  10 

Pj  =  17. 


_  H.  F.  actual  mean  prearore. 
'~  ii.  P.  actual  mean  pressure. 


c, 


17  X  8-68 
74x1-7 

117 
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^     actaal  mean  presaure  on  L.P. 
«"         p/H-hyp.log.rK\ 


rR 
19-45 
7&'x  -364 
-685 


(2.)  Saturated  Steam  E;qMnding  in  Unjaeketed  Cylvnden. 

TTsing  the  fsame  symbols  as  for  jacketed  cylinders,  the  followi 
ing  modifications  &U  to  be  made : — 


(IlA.) 


'«~/rR\V* 


To"^!- 


; 


«0i"  in  receiver  engines  varies  from  '82  to  '96. 

(HI.,       p.(L0-4.).p..k{p.(^-j^)-p.}. 

See  annexed  Table  for  yalues  of  these  multipliers. 
(IVa.)  Total  mean  pressure  reduced  to  low  pressure  cylinder. 

*'  Oj"  in  receiver  engines  varies  from  '52  to  *75. 
To  find  Pj  from  diagrams  of  actual  engines : — 


''\r     rW       «      H.P. 


actual  mean  pressure 


T>  /lO        9    \     ^     L.P.  actual  mean  pressure 


2p 
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Tabu 

FOB  OjnavuLtiKa  Miak  PaBSSimia  sob  1 
Steah. 

Satuusxd 

r 

rV 

no    9\ 

r 

rifj 

{^-^] 

x'a 

1-836 

•99 

3'3 

377 

•643 

1-3 

1-34 

.976 

3-4 

39 

•633 

1-4 

1-45 

•938 

3-5 

4-03 

•618 

1-5 

I -57 

•934 

3-« 

4-iS 

;  •609 

x-6 

1-69 

•934 

3^7 

4-38 

•6 

1-7 

r8 

•883 

3^8 

4-41 

•59 

1-8 

I'ps 

•87 

3-9 

453 

•577 

x-9 

9*04 

•851 

4-0 

4-67 

•57 

a-o 

3-l6 

•833 

4*1 

4-8 

•564 

3'I 

9'98 

•813 

4-3 

4^93 

•555 

a'9 

a-4 

•795 

4-3 

5^06 

•547 

a'3 

9"Sa 

•777 

4'4 

S19 

*S39 

a-4 

9*64 

.76 

4^5 

S-3> 

•S3 

3-5 

8-77 

•75 

4-6 

5-45 

•5*4 

3-6 

3-89 

•73» 

4-7 

5-58 

•5" 

37 

S-oi 

•713 

4-8 

5-71 

•S08 

a*8 

314 

•70s 

4^9 

5-85 

•503 

9-9 

3"36 

•687 

S-o 

5-98 

•495 

3-0 

3"39 

•678 

5-1 

61Z 

•488 

3X 

3-61 

•66z 

S'» 

6'3S 

•483 

3'« 

3-64 

•659 

(S.)  Effect$  qf  VariaHon  qfthe  Xhmenis. 

In  9XLJ  engine  with  a  given  ratio  of  ojlindera  the  effecfcy  other 
things  being  unaltered,  of— 
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Baisiiig  P^  18  to  increase  the  total  power,  but  to  increase  it 
to  a  greater  extent  in  the  low  pressure  than  in  the  high 
pressure ; 

Lowering  P^  is  to  diminish  the  total  power,  but  to  diminish  it 
to  a  greater  extent  in  the  low  pressure  than  in  the  high 
pressure; 

Raising  r  (advanoing  the  high-pressure  cut-off  point)  is  to 
diminish  the  total  power,  but  to  diminish  it  to  a  greater 
extent  in  the  low  pressure  than  in  the  high  pressure,  and 
to  increase  the  economy  of  the  engines ; 

Lowering  r  (cutting  off  later  in  the  high  pressure)  is  to  raise 
the  total  power,  but  to  raise  it  to  a  greater  extent  in  the 
low  pressure  than  in  the  high  pressure,  and  to  diminish  the 
economy  of  the  engines  ; 

RaJBing  Bj  (advancing  the  low-pressure  cut-off  point)  is — assum- 
ing that  E^^  never  exceeds  B,  and  that  the  other  adjustments 
are  such  as  to  obviate  an  injurious  range  of  temperature  in 
the  low-pressure — to  raise  the  total  power,  but  to  raise  it 
to  a  much  greater  relative  extent  in  the  low-pressure 
cylinder  and  to  diminish  it  in  the  high  pressure,  and  to 
somewhat  increase  the  economy  of  the  engines ; 

Lowering  Rj  (cutting  off  later  in  the  low  pressure)  is — assuming 
that  R^  never  exceeds  R — ^to  diminish  the  total  power,  but 
to  diminish  it  to  a  much  greater  relative  extent  in  the 
low  pressure  and  to  raise  it  in  the  high  pressure,  and  to 
somewhat  diminish  the  economy  of  the  engines. 

In  the  case  of  proposed  engines  the  effect,  other  things  being 

unaltered,  of-* 

Raising  R  will  be  to  diminish  the  power  in  the  low  pressure  and 
to  raise  it  in  the  high  pressure,  and  whether  the  total  power 
will  be  affected  or  not  depends  on  the  extent  to  which  R 
has  been  diminished  and  on  the  actual  values  of  R  and  R^ ; 

Lowering  R  will  be — ^assuming  R^  never  exceeds  R — ^to  raise 
the  power  in  the  low  pressure  and  to  diminish  it  in  the 
high  pressure,  and  whether  the  total  power  wiU  be  affected 
or  not  depends  on  the  extent  to  which  R  has  been  diminished 
and  on  the  actual  values  of  R  and  R^ ; 

Increasing  the  receiver  capacity  will  be— in  receiver  engines,  t.A, 
engines  with  crax^  at  90°  or  thereby — ^to  slightly  diminish 
the  low-pressure  power,  and  to  increase  the  power  in  the 
high  pressure  to  almost  exactly  the  same  extent  as  the 
low  pressure  is  diminished ; — receivers  being  of  reasonable 
capacity. 

Diminishing  the  receiver  capacity  will  be^  under  the  above  cir- 
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cnmstances,  to  slightly  increase  the  low-preBsnre  poirer, 
and  to  diminish  the  power  in  the  high  pressure  to  almost 
exactly  the  same  extent  as  the  low  pressure  is  increased. 

In  the  case  of  non-receiver  engines,  whose  pistons  begin 
and  end  their  strokes  simultaneously,  as  in  the  old  Woolf 
type,  the  effect  of  the  receiver  pipes  is  the  same  as  in  the 
above,  but  increase  in  receiver  capacity  is  attended  with  an 
appreciable  diminution  of  total  power  as  welL  In  short, 
intermediate  passages  or  receivers  between  the  cylinders 
of  Woolf  engines  are,  economically  consid«^,  necesaaiy 
evils,  and  are  to  be  kept  as  small  as  possible,  not  acting  u 
"receivers,"  but  merely  as  '< passages. 


Flow  op  Watbr.    See  p.  113. 

It  would  appear  that  the  formulae  given  on  p.  113  for  the  floir 
of  water  in  pipes  is  only  for  long  lengths,  where  the  ratio  of 
/  to  A  is  great,  thus — ^From  equation  5,  p.  113,  we  get 


v«y^ 


64-4  A  (? 


Taking  4/  (see  equation  6)  as  approximately  equal  to  "02,  anil 


/64'4 


^  ^^,^  ^  «  56-7  feet  per  second. 
2  X  16  ^ 


•02  X  16 

Now  the  velocity  which  a  body  acquires  when  falling  from  rest 
through  a  height  of  16  feet  is  only  32  feet  per  second,  henoe  the 
value  of  56*7  feet  for  v  is  too  high. 

The  loss  of  head  due  to  the  resistance  to  the  flow  of  the  water 
in  a  pipe  may  be  considered  as  mainly  due  to  frictional  retarda- 
tion, and  is  found  to  vary  directly  as  the  length  of  the  pipe, 
inversely  as  the  diameter,  and  nearlv  as  the  square  of  the 
velocity,  all  multiplied  by  a  coefficient/  which,  as  above,  Is  taken 

as  -02«or;L  =  — •^^. 
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The  head  lost  due  to  the  velocity  of  the  flowing  water  ia 
h^  o^  hence  the  total  head  may  be  expressed  as 

The  velocity  will  therefore  be 


Vh  +  64*4 


which^  if  I  and  d  be  taken  as  each  equal  to  16  feet,  as  before 
will  give  t;  =  28  feet  per  second  nearly. 


Triple-Expansion  Engines.    See  Frontispieoe. 

The  Triple-expansion  system  of  marine  engine  has  now  largely 
superseded  the  compound  system  for  ocean-going  steamers. 
Increased  steam  pressure  through  greater  strength  of  boiler — 
obtained  largely  through  the  use  of  steel  plates  and  corrugated 
furnace-flues — has  enabled  the  advantage  of  expansive  working 
to  be  more  fully  carried  out;  so  that  engines  with  three,  and 
even  four,  cylinders^  in  which  the  steam  at  a  high  initial  pressure 
is  expanded  successively  from  the  high-pressure  cylinder  through 
the  intermediate  cylinders  and  low-pressure  cylinder,  are  now 
found  to  be  more  economical  than  the  older  forms. 

The  weight  of  machinery  and  boilers  being  also  reduced  a 
further  advantage  is  gained,  as  it  is  found  that  in  steamers  of  the 
same  size  and  power,  fltted  with  compound  and  triple  engines 
respectively,  and  making  a  long  sea  voyage  in  the  same  time, 
the  consumpt  of  coal  is  much  less  in  those  fitted  with  the  triple- 
expansion  engines;  a  further  economy  arising  from  the  space 
thus  set  free  for  cargo. 

The  advantage  of  using  steam  expansively  has  been  long  recog- 
nised, the  difficulty  generally  lying  more  in  the  boiler  than  in 
the  engine;  and,  indeed,  some  authorities  believe  that  in  the 
future  improvements  will  be  made  more  in  the  boiler  than  in 
the  engines. 

The  following  table  shows  the  advantage  of  using  steam 
expansively  up  to  12  expansions : — 
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CutrOff. 

BAtio  of 
Expansion 

r 

Hyp.  Log. 

r 

Mean 

Preesore. 

AdraaiMgt 

BzpftOSUHL 

I 

I 

O'OOO 

I 

i-ooo 

J 

2 

0-693 

•846 

1-692 

3 

3 

1-098 

•699 

2-097 

J 

4 

1-386 

'598 

2392 

■  ■ 

5 

1-609 

•522 

2 -6x0 

6 

I-79I 

•465 

2790 

.  ■ 

7 

1-945 

*420 
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The  mean  pressure  being  calculated  by  the  formulA 
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See  pp.  408-411,  also  pp.  428  and  437. 

The  efficiency  of  the  steam  is  thus  shown  to  be  increased  by 
expansive  working,  necessitating  at  the  same  time  high  pressure, 
so  that  the  expansion  may  be  obtained ;  here,  however,  another 
element  enters  in,  namely,  the  temperature  of  the  steam,  which 
increases  as  we  raise  the  pressure.  At  page  599  a  table  is  given 
showing,  amongst  other  things,  the  relations  of  pressures  and 
temperatures,  and  by  the  use  of  it  we  may  show  the  real 
efficiency  of  the  steam  whilst  expanding.  The  maximum 
efficiency  of  a  heat-engine  is  shown  at  p.  343  to  be  represented 

by  -i 2,  r^  and  rg  being  the  absolute  temperatures  at  the  com- 

mencement  and  end  of  the  range  through  which  the  fluid  works. 
(See  also  p.  437.) 

Let  steam  be  admitted  to  a  cylinder  at  a  pressure  of  102  lbs., 
the  corresponding  temperature  for  which  (see  table,  p.  599)  is 
about  329''  F.,  and  let  the  temperature  after  expansion,  or 
condenser  temperature,  as  it  is  sometimes  taken,  be  104**,  then 
329°  +  46r  =  790"  is  the  absolute  temperature,  r^,  of  admiauon. 
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and  104*  +  461*  =  665*  is  the  absolute  temperature  at  end  of 
range,  or  r^,  then 


li  - 


790  -  666 


'284  is  the  maximuni 


r  790 

efficiency  of  the  steam. 

The  annexed  diagram  shows  the  maximum  efficiency  of  steam 
at  various  pressures,  from  which  it  will  be  seen  that,  for  a 
uniform  increase  in  efficiency,  we  must  increase  the  pressures  at 
a  rapidly  increasing  rate. 


T$mperatur$g 


The  maximum  efficiency  of  the  heat  producing  the  steam  may, 
in  the  same  way,  be  found  by  taking  the  ratio  obtained  by  using 
the  extreme  temperature  of  the  gases  in  the  furnace,  say  about 
2400*  F.,  and  that  of  the  escaping  gases  in  the  chimney,  or  say 

about  600**  T.  (see  p.  292),  from  which  we  get  ^^^^^^"^^^^^^  =  -63. 

In  a  general  way  we  may  express  the  total  working  efficiency 
as  follows : — 

Efficiency  of  furnace  and  boiler, ^ 

„  the  steam, ^ 

„  the  machinery  and  propeller, -^ 

The  product  of  which  gives  y^  or  nearly  ^  as  the  resulting 
efficiency. 

The  total  efficiency  of  the  engine  may  be  also  obtained  by 
considering  the  work  got  fr*om  the  coal  consumed.  Thus,  1  lb. 
of  ordinary  coal  by  its  combustion  should  produce  about  14,500 
thermal  units.  (See  p.  278.)  Let  this  pound  of  coal  be  con- 
sumed in  one  hour,  then  ^^  ■  =  241*6  thermal  units  per 
minute.     Multiplying  this  by  772  (the  mechanical  equivalent  of 
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heat)  we  get  186,515  foot-pounds  of  work  per  minitte,  and 
dividing  by  33,000  we  have  5*6  horse-power  as  the  value  which 
should  be  obtained  from  1  lb.  of  coal  per  hour  if  we  oould  com- 
pletely utilise  the  energy  contained  in  it. 

In  the  improved  triple-expansion  engines  now  used  at  sea  we 
may  take  one  and  a-half  pounds  of  coal  as  equivalent  to  one 
indicated  horse-power,  but,  from  the  above  calcalation,  8*4  horse- 
power should  be  got  from  a  pound  and  a-half  of  coal,  hence  the 
efficiency  is  as  1  to  8*4,  or  say  between  |th  and  ^th. 

Further  loss  is  sustained  through  the  machinery  driven,  as  in 
the  case  of  a  paddle-wheel  or  the  screw-propeller.  If  the 
efficiency  of  the  propeller  be  taken  at  ^,  we  have  about  -^th 
as  the  resulting  efficiency. 

The  lat«  Dr.  Froude  gives  only  37^  per  cent,  of  the  indicated 
power  as  the  value  of  the  thrust  of  the  propeller,  and  states  the 
various  proportions  of  loss  of  power  in  the  mechanism  as 
follows : — 

Friction  due  to  working  load  on  engine,  *143 1.H.P. 

Air-pump  resistance, *075     „ 

Constant  friction  due  to  dead-weight )  .^43 
and  tightness  of  moving  parts,...  j  '* 

After  allowing  for  these  losses  we  have  E.H.P.,  the  effective 
horse-power,  equal  to  the  useful  thrust  or  ship's  true  resistance, 
but  in  the  action  of  the  screw  itself  there  are  losses  which  Dr. 
Froude  states  as  follows : — 

The  augmentation  of  ship's  resistance  due  ) 

to  negative  pressure  caused  by  the  >  '4  E.H.P. 
propeUer, j 

Friction  of  screw  blades,... *1      „ 

The  proportioning  of  the  sizes  of  the  cylinders  in  the  triple- 
expansion  engine  like  that  for  the  compound  (see  pp.  571-580) 
depends  on  various  considerations,  equality  of  work  done  in  each 
cylinder  being  an  important  point. 

Comparing  the  sizes  of  the  cylinders  of  a  large  number  of 
triple-expansion  engines  now  working  at  sea,  the  average  pro- 
portional arrangement  of  diameters  is  very  much  as 

1  -  1-6  -  2-6. 
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Fig.  1  represents  the  cylinders  and  valves  for  a  two-orank 
quadruple.  The  arrangement  is  the  same  as  usual  for  the 
ordinaiy  compound  engine,  the  only  difference  being  that  the^ 
high-pressure  cylinder  is  replaced  by  a  tandem  pair,  which  may 
be  dJled  the  high-pressure  cylinders,  and  the  usual  low-pressure 

FlgX 


cylinder  by  another  tandem  pair,  which  may  be  called  the  low- 
pressure  cylinders.  These  tandem  cylinders  differ  from  those  of 
tandem  engines  hitherto  constructed  in  not  having  any  valves, 
casings,  or  steam-pipes  directly  attached  to  them,  the  valves  for 
distributing  the  steam  to  the  upper  cylinders  being  contained  iu 
the  valve  casings  of  the  lower  cylinders.  This  enables  the  upper 
cylinders  to  be  lifted  when  required  with  almost  as  much  facility 
as  ordinary  cylinder  covers.    The  conical  form  of  the  pistons  with 

*  The  Editor  is  indebted  to  Mr.  Walter  Brock,  Dumbarton,  for  the 
drawings  and  description  of  qnadmple  engines. 
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their  apices  towards  each  other^  admits  of  a  spaoe  between  the 
cylinders  without  increasing  the  total  height.  This  space  gives 
access  to  man-holes  opening  into  the  top  of  the  lower,  and  the 
bottom  of  the  upper  cylinders.  The  piston-rods  between  the 
cylinders  have  metallic  packing  like  a  piston,  access  to  the  jxmk 
ring  being  had  by  the  doors  leading  into  the  bottom  of  the  upper 
cylinders. 

Fig.  2  shows  the  cylinders  for  a  three-crank  quadruple  engine, 
and  would  be  the  arrangement  used  for  powers  so  large  as  to 
render  it  desirable  to  have  two  instead  of  one  low-pressore 


cylinder.  There  are  no  stuffing-boxes  required  between  the 
valves  of  the  upper  and  lower  cylinders.  The  piston  yalves  for 
the  upper  cylinders  also  serve  as  balance  cylinders  for  themselveSy 
the  lower  valves,  and  the  gear. 
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Since  1884  a  few  quadruple  engines  have  been  made,  one  for 
tLe  Jvmmoky  built  and  engined  in  1886  by  Messrs.  Denny  of 
I>umbarton,  has  the  cylinders  of  the  following  dimensions : — 

35  -  48J  -  67  -  94  inches  diameter. 
Stroke^  5  feet»  with  160  lbs.  steam  pressure. 

By  reducing  in  this  way  the  variation  of  temperature  in  the 
cylinder,  the  loss  from  condensation  of  the  steam  is  lessened  and 
economy  gained. 
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EXPLANATION  OF  BTHBOLa 

V  =  Velocity  in  feet  per  second. 
h  =  Height  in  feet  =  «'  -i-  64 '4. 

This  table  is  exact  for  latitude  54^1,  and  near  enon^  to  exaci 
ness  for  practical  purposes  in  all  parts  of  the  earth's  Bur&oa 
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Tablb  of  the  ELAfiTicmr  of  a  Perfect  Ga& 


EZPLA17ATI0N  OF  STHBOLS. 

T. — ^TempeTatnre,  measured  from  the  ordinary  zera 
I. — ^Absolute  temperature^  measured  from  the  absolute  zero. 
P. — ^Pressure  of  a  perfect  gas  in  pounds  avoirdupois  on  the  square 
foot 

V. — ^Volume  of  one  pound  avoirdupois  in  cubic  feet. 

PY. — ^Product  of  these  quantities  at  any  given  temperature. 

PqY^— *Yalue  of  that  product  for  the  temperature  of  melting  ice. 
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Absoluts  teraperatare,  228, 806L 
Absolute  zero,  228. 
Aooelflrating  effort,  88. 
Acceleration,  18. 
Action  and  reaction,  178. 
Actual  energy,  85,  589. 
Adhetton  of  wheels,  628. 
Adiabatic  Imee,  802,  810,  819,  876.  888. 
„  for  a  perfect  eaa,  846. 

,,  for  steam,  8CS. 

iEther— Vapour  of,  598. 
Air  enpnes,  845-874. 

„        heat  transferred  at  oooatant 
pressure,  871. 

„         perfect,  847,  852. 

„        temperature  changed  at  con- 
stant pressure,  354. 

„         temperature  changed  at  con- 
stant volume.  862. 
Air— Expansion  and  elasticttj  ot;  229, 
Air— Plow  of,  824. 
Air  for  combustion,  280. 
Air  for  furnaces— Supply  and  distribution 

of,  280,  281,  285,  291. 
Air  passages,  459. 
Air— Thermal  lines  for,  845. 
„  — 1  hermodynamic  function  for,  848. 
„  —Thermodynamic  propoties  of,  818, 
819. 
Air  pump,  482,  508,  609. 

„       valves,  128. 
Air  vessels,  148. 
Angle  of  repose,  16. 
Angular  motion,  8. 
Anffuhir  velocity,  4. 
Animals— Power  of,  81. 
Anthracite,  275. 
Apparatus— Blow  off,  458,  464. 
Appendix,  550. 
Ash,  274. 
Ashpit,  460,  468. 
Asses— Work  of,  89. 
Atmospheric  pressure,  109,  226. 
Available  heat  of  combustion,  ^0. 
Aua— Pennanent,  27. 
Asaea— Strength  of,  76,  78, 79. 

Baok  uieMUie,  876,  88L 
^  M>kwat«r  of  miU  pood,  16L 


Baffleri,  261, 461. 

Balanceof  centrifugal  foroesand  oouples,  27. 
Balance  of  efibrt  and  resistance,  81. 
Balancing  of  engines^  580. 

„         mechanism,  62L 
Ball  clack,  120. 
Barometer— Menmrial,  110. 
Bars— Strength  of,  66. 
Batteiy— OaTvanic,  642. 
Beam  engines,  510. 
Beam  of  6t«am  engine,  482i 
Beams— Strength  of,  75. 
Binary  vapour  encines,  444. 
Bituminous  ingredients  of  ooal,  276b 
„  of  fuel,  278. 

Bituminous  unguents,  16. 
Blast  pipe,  213,  286,  288, 481,  6SL 
Blind  coal,  275. 
Blow-through  valve.  48L 
Blower— Water,  218. 
Blowing  apparatus  for  fumaoet,  282, 290^ 

Blowing  off  apparatus,  458,  464. 
r^oilera— Grate  surface  of,  466,  668w 

„    —Heating  surface  of,  262, 298, 461, 
668. 

„    ^Hone-power  o^  461. 

„    —Parte  of.  46L 

.,    —Steam  chest  of,  46L 
Boiler  room,  462. 
,    „    shell,  451, 459,  66S. 

„    Bteys,  69,  455, 459. 
Bdlen-Clothing  for,  466. 

„    —Cornish,  472. 

„     —Cylindrical,  470^76. 

„     —Efficiency  of,  29a 

„    -Examples  of,  469. 
,    ,,    —Incrustation  of,  467-468. 

—Strength  of,  67, 70, 459, 468, 168. 
Boilers  and  fhmaoea— Arrangement  o^  4401 
Boiling— Brine  resistance  to,  242. 
Boiling  points,  226,  286,  287, 24t 
Bolte— Strength  of,  66,  69, 71. 
Bonnet  valve,  118. 
Bourdon's  gauge,  IIL 
Brakes,  62,  657. 
Breast  of  water  wbeeL  IH, 
Breast  wheela-High,  160, 177. 
„         —Low,  161. 
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mace,  460,  45). 

wing  off,  458,  464. 

JinflT  point  of,  842. 

p«,  458,  464. 

Ut,  105. 

r  water  wheeU,  162, 180,  183. 

167. 

466. 

clack,  128. 

1,97. 

IBTBRS,  244. 

'  for  heat,  246. 
268,  272,  278. 
ft  add  gas,  269. 

„       — Ezpaonon  and  Elas- 
of,  229. 
JO  oxide,  269. 
8  function,  828. 
St,  486,  528. 
hgal  couple,  27. 
y  force,  26. 

^  pumps,  668. 

lel — flow  of  water  in,  154. 
oal,274. 

leal  action— Enerrr  of,  267,  640. 
deal  eqnlTalents,  267,  268. 
U— Force  de,  2. 
jiey  draught,  285,  288. 
£8,  117,  120, 128. 
,     —Butterfly,  128. 
,     — Compound,  144. 
„      — BeUef,  144. 
irance,4l8. 
ching  for  hollers,  456. 
„       for  cylindoB,  481. 
ndy  vapour,  242. 
il,276. 
ifcs,  126. 
•effident  of  friction,  15. 

..'i74.  "       -"'^•*"- 

Id  well,  481. 

Id  water  pump,  481,  608. 

illar  for  plungers— Leather,  128. 

>Iumns<--Streogth  of,  78. 

smbined  engines,  482. 

smbusiion,  267. 

„         —Air  for,  280. 
„         — ATaiha>leheatof;290. 
,,         —Rate  of,  284, 455. 
„         —Total  heat  of,  267, 270, 277. 
k>mpound  engines,  685, 659,  566. 
/ompression,  420. 
/ompreasion  by  heating  819. 
)oncentrio  cylinder,  5(Hr. 
Condensation,  24L 

„  at  high  piessnrs,  412. 

„  during  expannon,  886. 

y  — SurfiMe,  265. 


CondensaUon- Water.  889, 401,481, 607. 
Condenser,  481,  507,  668. 
„        ^Ejector,  558. 

—Surface,  481,  609, 568.. 
Condensing  engines,  478. 
Conduction  of  heat,  257. 

„        in  cylinden,  421. 
Conductivity,  25a 
Conical  ralre,  118,  485. 

—Divided,  120. 
Connecting  mechanism  of  steam  engfaiai, 

610. 
Connecting  rod,  482. 

„  —Strength  of,  74. 

Continuous  brakes,  567« 
Contraction  of  stream,  94, 102, 150, 156, 

824. 
Convection  of  heat,  261. 
Cooling  by  expansion,  819. 
Cooling  surface,  265. 
Comisn  boiler^  472. 
Cornish  pnmpmg  engine,  87.  528. 
Counter-pressure  steam,  680. 
Couple— Centrifugal,  27. 
Cranes— Hydrauhc,  188. 
Crank,  482,  511. 

„     ^Effort  on,  511. 
„     —Strength  of,  75,  79. 
Cross  breaking— Resistance  to,  75. 
Cross-heads  and  tails— Strength  of,  76. 
Crushing— Resistance  to,  72. 
Crust  in  boiler— External,  468. 
„  —Fuel  lost  by,  468. 

—Internal,  467. 
Current— Water  wheel  in  open,  188. 
Cushioning  steam  in  enc^es,  886, 864, 420L 
Cut  off,  878. 
Cntoffvalve,  480,  499. 
Cylinder,  48U,  600. 
Cylinder— Strength  of,  67,  500« 
Cylinder  oover,  481. 
Cylmders— Clothing  for,  481. 

„      —Compound  engme,  669. 
CyUndrical  boUer,  470-474,  476. 

Dampers,  451, 466. 

Dead  pUte,  282, 449,  458. 

Dead  points,  512. 

Density  of  vapour,  826. 

Deposit  in  boilers,  467. 

Detached  ftimace  boUer,  279,  288,  449, 

458,  476. 
Deviating  force,  25. 

Diagram-Ind]cator,48,801, 834,837, 876, 671. 
Diaphragm  valves,  126. 
Direct  acting  engine,  512,  618,  620, 525. 
Disc  and  pivot  valve,  123. 
Disc  electro-mtfnetic  engine,  546. 
Disc  steam  engme,  488,  504. 
Donkey  engine,  464. 
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Doable  acting  steam  engine,  50,  478. 
Doable  beat  valve,  120,  486,  500. 
Doable  cylinder  steam  engine,  51, 481, 501« 
Doable  fiurnaoe  boilers,  282,  478,  474L 
Doable  piston  engine.  503. 
Dranght  of  famaoe,  285. 

„       — Chimnej,  285,  288L 
Drowned  weir,  151, 
Dry  coal,  275. 
Duplex  cylinder,  502. 
Dynamical  measore  of  heat,  800. 
Dynamometers,  40,  80. 

EsuLLinoir,  241. 
Eccentric,  490. 

„       —Loose,  49L 
Economiser,  844. 
Eduction  valves,  480,  488. 
Effect,  40. 
Efficiency,  88. 

„       of  air  engines,  846. 

„       of  electio-magnetio    engines, 

541,  544. 
„        of  a  fall  of  water,  91. 
„       of  flnid  in  heat  engines^  882, 

842,  844,  874. 
„        of  famace  and  boiler,  290. 
„       in  heat  engines — Conditions  of 

greatesi,  844. 
„       of  heatins  snrfaoe,  262. 
I,        of  a  machine,  88. 
„        of  mechanism,  422. 
„       of  steam,  875,887, 896,419,487. 
„        of  tnrbines.  198,  197,  210. 
„       of  water  wheels,  174, 186. 
„        ofwind  mills,  218. 
Effort,  30. 

„     — Accelerating,  88. 
„     and  resistance— Balanes  o^  81. 
„     on  crank,  511. 
E(^-ended  boilers,  470. 
Ejector  condenser,  558« 
Elasticity  of  sases,  229,  811.  591. 
Electro-chemical  drcnit,  542. 
Electro-magnetic  attractions  and  repol- 
dons,  644. 
„  bar-engine,  547. 

„  disc-engine,  546. 

„  engines,  580|  668. 

, ,  engines  —  Comparative 

cost  of  working,  541. 
„  engines — Efficiency  of, 

„  plan£er  engines,  548. 

Electro-motive  force,  M8. 
Eneigy— Actnd,  85,  589. 

„     of  chemical  action,  267, 640. 

„    and  work— Equality  of,  82,  840. 

„     ofa  fluid,  818. 

„     of  heat,  299. 


Energy— Law  of  the  tnHulbnntCioii  of. 
809,  540. 
«,     —Potential,  82.  689. 
Engines— Air,  845-874. 
„     — Balancing  of,  680. 
, ,     —Binary  vapour,  444. 
„     — Combine<L  482. 
„     — Compound,  659,  671,  674. 
M     —Condensing,  478. 
„      described,  478-588. 
„     —Direct  acting,  512, 618, 620,625. 
„     — Electro-maenetio,  689-648^  668L 
„     —Gas,  447,  667. 
„     —Steam—  Historical  Sketch,  zviL 
„     ^Triple- &  Qaad.-ezpn.,  681, 686. 
,^     —Water,  91-218. 
Eqailibrium  slide  valve,  488. 
valve,  122, 486. 
Equivalent  of  heat— Dynanuetl,  289. 
Equivalents- Chemfeal,  267. 
Ericsson's  engine.  854. 
Escape  valve,  481. 
Ether  and  steam  engine,  444^ 
„   — Formula  for,  287,  445. 
„   —Table  of  properties  of,  698. 
Evaporation,  285,  241. 

„         —Factors  o^  256. 

„         .-Latent  heat  of,  262,  826. 

„         — Measnivnent  of  best  1^, 

254. 
„         —Total  heat  of,  268,  827. 
Exhaust  port,  487. 
Expansion — Cooline  by,  819. 

, ,        and  elasticity  of  dr,  229. 
„       — Ftee,  822. 
of  ffases,  229. 
„        —Latent  heat  oe;  250, 809, 812. 

of  liquidi,  109,  282. 
„        by  sude  valve,  49L 
„        of  solids,  234. 
„       valves,  480,  498,  499. 
Expansive  action  of  heat  in  flaidt,  810. 

ofsteam,  875^422, 668  5* 


Explosion  of  bculers,  466. 


Lfc: 


Faotobs  of  safety,  64, 458. 

Fall  of  water,  91. 

,,         — Energy  o^  98. 

Fan  blower,  290. 

Fan  steam  engine,  688. 

Feed  apparstus,  462, 464. 

Feed  pnmp,  462,  464. 
UjEeed-water,  890,  401, 464. 
^eed.water  heater,  262,  294,  486,  668. 

Fifth  powers  and  squares— Table  U,  167. 

Fire— Temperature  of,  288. 

Fire-bars,  466. 

Fin>box,  69,  448,  462. 

Fire-doors,  279,  282,  460, 468. 

Fire-engine,  567. 
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Firing  furnaces,  281,  891, 664. 
Flame,  278. 

„     chamber  and  bed,  450. 
Flap  yaWes,  122, 128. 
Flexible  tnbe  valTea,  126w 
Flexure— Moment  of,  76. 
Float  in  boiler,  453. 
Floating  of  aiM  on  molten  metal,  285, 

831. 
Flow  of  air,  824. 
Flow  of  steam,  298. 
Flow  of  water— Measurement  of,  92. 
„  throogii  ^ibannels,  154. 

„  tfarongh  pipes,  118, 559, 580. 

Fines,  450,  452,  461. 

„     —Strength  of,  70. 
Fluid  condition,  286. 
Fly  wheels,  59,  482,  51U 
Foot-pound,  1,  88S. 
Force — Centrifugal,  26. 
„    de  cheval,  2. 
„    — Deriatmg,  25. 
„    —Electro-motive,  548. 
Fracture,  64. 

Frame  of  engine— Strength  of,  64,  520. 
Friction,  14. 

„      of  channels,  101. 
„      -Co-efficient  of,  15. 
„       offluids,  56,  101. 
I,       ^Heat  of,  18,  299. 
„       of  journals,  17. 
„      of  pipes.  102,  559. 
Fuel— Available  heat  of  combnstkm  of,  290. 
„  —Ingredients  of,  278,  275. 
„  —Kinds  of;  274. 
„  —Bate  of  combustion  of,  284. 
„  — SupplTofairto,280. 
„  —Total  neat  of  combustion  0^277. 
„  —Waste  of,  290. 
Funaoe,  282,  449. 

„      —Air  for.  280,  281, 285.  291. 
„      —Blowing  apparatus  tor,  282, 

290,45l45§. 
„      —Bridge  of,  450,  452. 
„      —Draught  of,  285. 
„       — Effidencj  of,  860,  870. 
„       —Examples  of,  469. 
„       —Front  of,  450,  458. 
„      —Height  of,  457. 
„      — Parts  and  appendages  of,  449. 
Furnace  and  boiler— Emaencj  of;  290, 406. 
„  —General  arrangement 

of,  449. 
Furnace  gas  engine,  874. 
Fusible  ping,  454. 

Fusion— Latent  heat  of,  250, 251, 88L 
„     —Temperatures  of;  225,  285, 25L 

Gab  of  eccentric  rod,  490l 
Galvanic  batteiy,  542. 


Gas— Carbonic  acid,  269. 

„  — Carbonic  add — Expansion  oL  229. 

„  —Perfect,  226,  591. 
Gas-engine,  447, 567. 
Gases — Compression  and   expansion  ofL 
819,  822. 
„    —Elasticity  of,  229,  811,  559. 
„    —Flow  of,  824. 
Gasefication— Total  heat  of;  255,  827. 
Gasket,  129. 
Gauge — Bourdon's,  111. 
Gauges,  110. 

Governors,  63,  158,  480,  551* 
Grate,  285,  449,  455. 
Grate  surface,  455,  568. 
Grates— Moving,  457. 
Gravity,  19. 
Grease,  16. 
Grease-coclc,  481. 
Gudffeons,  181. 

Guides  for  piston-rod,  482, 518. 
Gyration— Badius  of,  28. 

Head  of  water,  91, 110. 

Head  race,  97. 

Head— Loss  of,  92, 100, 416. 

Hearth,  449, 457. 

Heat,  224. 

„    —Capacity  for,  245. 

„    of  combustion,  267,  270, 277. 

„    —Conduction  of,  257. 

„    —Convection  of,  261. 

„    — Dynamical  equivalent  of,  299. 

„    —Expansive  action  of,  810,  815. 

„    of  friction,  18,299. 

„    — Utent,  250,  252,  809,  812,  325, 
831. 

„    -Mechanical  action  of,  228,  447. 

„    —Quantities  of,  243, 800. 

„    —Sensible,  248. 

„    — Spcdfic,  245. 

„    —Total  actual,  805. 

„    —Transfer  of,  257. 

„    —Unit  of,  244. 
Heating  by  compression,  819. 
Heat  engines,  228,  882,  842. 

„         —Action  of  fluid  on  piston 
of,  887. 
Heatingsurface  of  boilers,  262, 298,461/>68. 
„  —Effective,  462. 

,,  -Total,  462. 

Height  due  to  velodty,  21. 

„  „        —Table  of,  588. 

Hempen  packing,  129. 
High  preesure  steam  engines,  881, 478. 
Histoncal  sketch  of  steam  engine,  zvii« 
Hoist— Water  bucket,  105. 

„   —Water  pressure,  188. 
Horse  power,  2, 40,  50,  833, 889, 875. 
„         —'Effective,  422. 
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Hone  power— Nominal,  468, 479. 

„         of  boilers,  46L 
Horaee— Work  of,  88. 
Hot  well,  482. 
Hangarian  machine,  144. 
Hjrdnnlic  cranes,  188, 

„        hoists,  188. 

,9       press,  66  69, 128, 129. 

„  „    —Strength  of,  69. 

„        pnxchases,  188. 

n       ram,  98,  211. 
Hydrocarbons  as  fuel,  278. 

„  as  nngnents,  16. 

Hjdrogen,  268,  278. 

Ice— Melting  of,  225,  88L 
Impulse,  20. 

„       of  fluids,  211. 

„       of  water,  168,  211. 
Indicator  diagram,  48  801, 876,  671. 

„  „       — Distnrbaoce  of  417. 

„       —Friction  ot  422. 

„       —Position  oi^  422. 

„       — Steam  engine,  47,  671. 
Indicated  power,  47, 50,  61, 882, 889, 876. 
Indnction  ralves,  480. 
Inertia,  21. 

„     —Moment  of,  22. 

„     —Reduced,  28. 
Injection  valve,  481,  608. 
Injector,  477. 
Integrals— Approximate  oompntatioo  of, 

Isodiabatic  lines,  845,  846. 
Isothermal  lines,  302,  846. 

Jackkt— Steam,  896,  481. 

Jaoketted  cylinders— Action  of  steam  in, 

895,  674. 
Jet  pump,  98,  218. 
Jonmals^Friction  of,  17. 

„      —Strength  of,  75,  79. 
Joule's  engine,  8/1. 

,.     equivalent,  299, 82Sb 
Jucke8*s  grate,  457. 
Junk-ring,  129. 

Kevs— Strength  of,  7L 
Kilogramme,  1,  2. 
Kilogramm^tre,  1,  2. 
Kno^  or  nautical  mile,  8. 

Lap  of  aUde  valve,  491. 
Latent  heat  of  evaporation.  262,  886 
„         of  expansion.  260,  809, 812. 
„         of  fusion,  250,  881. 
Lead  ofsUde  valve.  491. 
Leather  ooUar  for  plongers,  128. 
•ton.  138. 
0^,76, 


Link  motion,  496,  660. 

UquefiMtion,  241  896. 

liquid  state,  286. 

Liquid  water  in  ^linder,  896,  421. 

liquids— Expansion  of^  232. 

Load  or  external  force,  64. 

Locomotive  steam  engines,  469.  628, 6Cr%. 

,,  —Adhesion  of  wheeb  of. 

628. 

„  — Bade  preaamns  in,  88& 

„  — Balancing  of,  SSO. 

„  — Bhut  pipe  in,  6SL 


„  — Condensing,  412. 

„  —  Counter  praaaaresteaB* 

in,  688. 
„  — Effidenej   of   fbnaoi 

and  boiler  o£  298. 
„  — Examplea  o(  682. 

„  -Expansion  of  steam  in, 

,,  — Fnraaee  and  boiler  oC 

466,469-468. 

„  —Heating  cyfinden  of, 

896. 

„  — Link  motion  in,  496. 

„  — Bcffnhrtorin,4I8,4U 

„  —Resistance  in,  629. 

„  —Safety  valvea  of,  46S. 

„  — Smoke  bnmini^  283L 

„  — Supplv  of  air  to,  28L 

Lines  -Adiabatic  302,  SlO,  319, 876;  881 
Loose  eooentric,  491. 
Loesofbead,  92, 100,416. 
Low  pressure  steam  engines,  478. 


MACHiars— Action  of  a,  1. 

„       — Eflldencv  of  m,  88;  684. 

„      —General  eqaatioa  of  i     * 
•,40. 
Man-hole,  462. 
Man-Workofa,84. 
Marine  boileia,  474,  477,  668. 
Marine  steam  engines,  516,  518, 625.  659l 
Mass,  19. 
Mechanism  of  steam  engines,  478. 

„        — Balancing  of,  521. 

„        — Resistance  and  effidnicy  oC 
422, 584.  ^ 

Melting  pointa,  225, 285, 251. 
Men-Power  of;  84. 
Mercurial  barometer,  110. 

,,       thermometer,  ^Si, 
Metallic  packing  for  pistooa,  606. 
M^tre,  1,T 
Mill  pond,  150, 15L 
Mill  aite,  91, 150. 
Mineral  oil,  278, 477. 
Mixtures  of  vapours  and  gaag,  S8lL 
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Modolns  of  a  machine,  39. 

„       of  rupture,  77. 
MomeDt  of  flexure,  75. 

„       of  friction,  17. 

„       of  inertia,  21. 

„      of  reustanoe,  S,  75. 

„       ofmptnre,  76. 

„      —Statical,  3. 

„      of  wrenching,  79. 
Momentnni,  20. 
Motion— Angular,  8. 
„     — FViction  of,  16. 
„     —Second  law  of,  168. 
Mouthpiece  of  furnace,  450, 458,  476. 
Mud  hole,  452. 
Mules— Work  of.  89. 
Multitubular  boilers,  468. 

Nominal  horse-power,  468,  479. 
Non-condenunje  engines,  478,  480,  528. 
Notch  board— Flow  over,  93. 

Oil,  16. 

,,   —Mineral,  278, 477. 
Onfice— Flow  of  water  through  an,  95. 
Oscillating  engines,  482,  508,  518. 
Oven,  or  detached  furnace,  283,  449. 
Orershot  water  wheels,  160, 177. 
^     "  «r   !_   .»i«      at  high  speeds,  185. 
Oxen- Work  of,  89. 
Oxide— Carbonic,  269. 
Oxygen,  268,  273. 

Packiho- Hempen,  129* 
„  —Leather,  128. 
„  —Metallic,  505. 
Paddle  engines,  516-550. 
Pambour's  problem,  424. 
Parallel  motion,  482,  512. 
Passages- Air^  459. 

„      — Resistanoe  of  steam,  419L  485. 
Peat  276. 

Penoulnm — RevolviDg,  26. 
Perfect  gas,  226, 571. 
Permanent  axis,  27. 
Pillars— Strength  of,  78, 
Pins— Strength  of,  71. 
Pinion,  181. 
Pipes-Blast,  218,  285,  288.  481, 531. 

,,   -Flow  of  water  in,  l6, 559, 58Q. 
Piston — Air  engine,  855. 

„    —Long  stroke,  507. 

„    —Packing  of,  505. 

„    rod,  506. 

„    —Speed  of;  506. 

„    —Steam  engine,  838,  480,  605. 

„    ^Strength  of,  74. 

„    TalTes,  125, 141. 

„    —Water  pressure,  107, 128, 
Pivots— Friction  of,  17. 


Plug  rod,  48fi. 

Plunger,  127. 

Points— Boiling,  226,  235,  237,  241. 

Ponoelet's  floats,  171. 

,,         wheel,  176, 186. 
Pond-Mill,  150. 
Ports— Steam,  413,  480,  485. 
Posts— Strength  of,  74. 
Potential  energr,  32,  539. 
Power — Animal,  81. 
„     of  a  fall  of  water,  9L 
„     -^Horse,  40. 
„     — Muscular,  81. 
„     of  overshot  wheel,  185. 
„     of  turbines,  194. 
„     of  undershot  wheel,  188. 
„     of  windmills,  218. 
Press— HydrauUc,  66,  69, 128. 129. 
Pressure— Atmospheric  109,  225. 
„      —Back,  876,  881. 
„      gauges,  110,  454. 
„      — Intensity  of,  4. 
„      —Loss  of,  413. 
„       —Mean  efiective,  50,  51,  839. 
„      — Mean  effective— In  air  enginesL 

358,  359  367,  368,  878. 
„      — Mean  effective— In  steam  en- 
gines, 878, 388,  399,  401,  574. 
„      -Modes  of  stotinz,  108,  427. 
„      —  Various  units  of,  5, 110,  333. 
Prime  movers  classed,  80. 
„  defined,  18. 

Priming,  481. 
Proof  stren|rth,  65. 
Proving  boilers,  466. 
Pump— Air,  482,  6U8,  509. 
„    brakes,  56. 
„    —Brine,  453,  464. 
„    —Cold  water,  481,  508, 5€8. 
„    ^Feed,452,464. 
Punping  engines,  37,  522-525. 

„  — Comi»b,  37,  528. 

QuAMTiTiES  ot  beat,  248^  300. 
Quadruple-expansion  engintfS,  585. 

Radiatiok  of  heat,  257. 

„       from  fuel,  278,  292. 
Badiusbf  gyration,  28. 
Bate  of  combustion,  284,  465. 
Ratio  of  expansion,  378.  553. 
Ram^Hydraulic,  98,  211. 
Beaction— Action  and,  178. 

„      steam  engine,  588. 

„       of  water,  173. 

„       water  wheel,  190,  197,  199, 
206. 
Reciprocating  force,  96, 
Refrigerator,  361. 
R 
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B^enentor,  844,  862,  489. 

R^atora,  62, 97, 115, 480, 418, 414, 637. 

B^ease,  421. 

BeUflf  clacks,  144. 

Besistance  to  conduction  of  heat,  257. 

„         to  cross  breaking  75. 

„        to  crashing^  72. 

„        of  electric  cncait^  543. 

„        of  locomotiye  eneines  and  trains, 
529. 

„        of  steam  engines,  422. 

„         of  steam  passages,  418. 

„         of  water  pipes  and  channels, 
113, 154. 
Betort  boUer,  470. 
Beversing  eng^es  by  link  motion,  496. 

„  by  loose  eccentric,  49L 

Berolvine  pendalnm,  26. 
Bivets— Strength  of,  71, 459. 
Boad  locomotives,  537. 
Bod— Connecting,  482. 
Rolling  resistance,  17. 
Botative  steam  engines,  479. 
Botatory  steam  engines,  478,  482,  508. 
Bnptnre— Modulus  of,  77. 

Safety— Factors  of,  64,  459. 

„      valves,  119,  454,  464,  465,  55£u 
Sails  of  windmills,  214-22L 
Schemnitz  machine,  144. 
Screw  engines,  525, 
Sector  cyfinders,  503. 
Sediment  collector,  458. 
,,       in  boilers,  467. 
Shafts,  482. 

„      of  marine  engines,  520,  526. 

„      —Strength  of,  78,  79. 
Shearing— Resistance  to,  71. 
Shell-Boiler,  451,  459,  563. 
Shrouding  of  water  wheels,  182. 
Side  lever  endues,  516. 
Siemen's  engme,  439. 
Single  acting  steam  engines,  478. 
SUde  valves,  124,  480,  486,  487,  488,  491, 
550. 
„         —Long,  487. 
„         —Short,  488. 
Slip  dock— Hydraulic  purchase  for,  184. 
Slmoes,  158, 156. 
Smoke,  273. 

„      box,  45t 

„      —Prevention  of,  28L 
Sniflang  valve,  481. 
Solids — Expansion  of,  234. 

„    —Melting  points  of,  285. 
Soot,  278. 

Soand— Velocity  of,  249,  821. 
Source  of  water  power,  91. 

„  — Heasnrement  of. 

92. 


.Specific  heat— Dynamical,  806, 816L 
ofgases,  248,  318,  589. 
of  liquids  and  solids,  245^ 
590. 
Speed  of  piston,  506. 
Spheroidal  state  of  flnids,  288. 
Starting  of  a  machine,  88. 
Stays— B<uler,  69,  455,  459. 
Steam — Action  of— Against  known  resa^ 
ance,428. 
„    —Action  of  dry  saturated,  886L 
.,    —Action   of— On  piston,  50,  51, 

875-422,  608. 
„    —Approximate  fonnuls  for,  89^ 

402,  407. 
„    and  ether  engine,  444, 44& 
,,    — Back  pressure  of,  SSL 
„    chest.  4&,  451,  460. 
,,    counter  pressure,  538. 

—Density  of,  230,  826,  594. 
-Efficiency  of,  387.  375,  896,  419, 
437,582. 
„    — Ekstidty  of,  229,  589. 
„    engine— Double  actang,  50. 

„    —Double  cylinder,  834. 
I         „    -Compound,  526,  559,  571, 
„        „    -Parts  of,  480. 484.      [574. 
„        „    —Beostance  and  efficiency  uf; 

422. 
„    engines  classed.  478. 
,    gas  in  non^x>naucting  cylinder,  387. 
„    gas— Outflow  of,  298. 
„    gas— Properties  of,  255,  820,  887, 

*   430,448. 
„    jacket— Effideney  of.  429. 
„    —Interpolation  in  tables  of^  880L 
.,    —Latent  lieat  of,  252,  825. 
,1    —Nearly  dry,  407. 
„    —Practical  examples  of  actkn  ol, 

404, 409. 
„    passages,  418, 485. 
„    piSlW,  454,  480. 
„    -Pressure  of  saturation  of,  286, 574 
„    room,  462. 

„    —Superheated,  876,  575. 
„    —Tables  relating  to  action  of,  IV., 
594;  VI.,  599;  VIL,  VIIL,  603; 
IX.,  441;  X.,442:  XL,  443. 
,,    ^-Thermodynamic    function     and 

thermal  lines  for,  888. 
„    —Total  heat  of;  827. 
„    valve,  480. 
„    whistle,  455. 
Suk  boilers,  465,  568. 

„    phites,568. 
Steeple  endues,  518. 
Stirhng*s  air  engine,  862. 
Stop  valve,  454,  480. 
Stopping  of  a  machine,  88. 
Stram  and  stress,  64. 
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Stream,  92, 154. 

„      — Contraction  of,  94,  102,  160, 
156,  824. 
Strength  of  axles,  75,  78,  79. 
„       of  bars,  66. 
„      of  beama,  75. 

„      of  boUers,  67,  70,  459,  466, 563. 
„       of  bolts,  66,  69,  71. 
„       of  colnmns,  78. 
„       ofconnectingrod,  74. 
„      of  crank,  75,  79. 
„       of  crossheads,75. 
„       of  cylinders,  67,  500. 
„       of  firebox,  69. 
„       of  flues,  70. 
„       of  hydraalic  press,  69. 
„      of  joomals,  75,  79. 
„       of  machines  and  materials,  64. 
„       of  mechanism  and  firaming,  520. 
„       ofrivets,71,469. 
„       of  shafts,  78,  79. 
M       ofwire  ropes,  569. 
Stress,  64. 

Stroke  of  piston— Advantages  of  long^  507. 
Struts— Iron,  78. 

„     —Timber,  74, 
Stuffing  box,  481. 
Suction  pipe,  108. 

Superheatmg  steam,  242,262,428,488,575. 
Surface  blow,  458.      ^      '      '    "» 
,,      condensation,  265.  568. 
„      condenser,  481,  509,  563 
„      —Cooling,  266,  568. 
„      —Grate,  455,  568. 
„      —Heating,  262, 298, 461, 462, 568. 

Tables  of  action  and  properties  of  steam, 
410,  441,  442,  448,  594,  599. 

„        co-efficient  of  contraction,  94. 

„        co-efficient  of  friction,  15. 

„        elastidtj  of  a  perfect  gas,  591. 

„        factors  of  evaporation,  256. 

„        factors  of  safistj,  65. 

„        heat  of  combustion,  &c.,  269, 
270,  278,  280,  285. 

„.      heights  due  to  velodtv,  588. 

„        latent  heata,  251,  252. 

„        melting  points,  285. 

„        modulus  of  rupture,  77. 

„        specific  heats.  247,  589. 

„        squares  and  fifth  powers,  157. 

„        strength  ofmaterials,  67,68, 72, 
78. 

„        units  of  pressure,  5. 

„        weight,  &c.,  589. 

„        work,  84,  88. 
Toil  race,  97, 184. 
Tappets,  486. 
Teeth  of  wheels,  80. 
Temperature,  224,  226,  806. 


Temperature—Absolute,  228,  80d. 
Tenacity,  66. 
Testing  strength,  66. 
Thermal  lines,  802. 

„  for  air,  845. 

„  for  steam,  888. 

Thermal  unit,  244. 
Thermodynamics,  228,  299. 

„  —First  law  of,  299. 

„  —General  equation  oil 

810. 
„  —Second  law  of,  806, 

807. 
Thermodynamlo   functions,     809,    814^ 
846,  888. 
„  functions  for  air,  846. 

, ,  fuuctions  for  steam,  SSS, 

„  properties  of  air,  818, 

819. 
Thermometers,  226,  282, 806. 
Throttle  valve,  128,  480,  485. 

„  — l^sistance  of^  418. 

Torsion— Resistance  to,  79. 
Total  heat  of  combustion,  267.  270,  277. 
„        of  evaporation,  858,  827. 
„         of  gasefication,  265,  827. 
Traction  engines,  587. 
Transport  of  loads  by  muscular  power,  88. 
Transverse  strength,  75. 
Triple-expansion  engines,  562,  681. 
Trunk  engines,  481,  482. 
Tubes  of  boQers  and  tube  plates,  451, 452, 

460,  461,  568. 
Tubular  boilers,  468,  474,  476,  568. 
Turbines— Steam,  588. 

„      —Water,  189,  201. 
TurfasfueL276. 
Twisting— Resbtance  to,  78. 
„      and  bending,  79. 

UsDBRSHOT  water  wheels,  161, 186. 
Undulations  of  indicator  diagram,  422. 
Unguents,  16. 
Unit  of  heat,  244. 
Unjacketed  steam  ennne,  887. 
Uptake,  451, 475. 

Vacuum,  108, 110. 

»       gauges.  110, 481. 
„        valve,  454. 
Valves,  117. 

„  — ^Air  pump,  128. 

„  — Blow  through,  48L 

„  — Bonnet,  118. 

„  —Out  off,  480,  499. 

„  —Double  beat,  120,  486, 600. 

„  —Eduction,  480,  486. 

„  —Equilibrium,  122,  486. 

„  — Resistance  of  steam,  418. 

„  -Safety,  119,  454, 464, 666. 
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ValTes-SUde,  124^  480, 486,  488,  MO. 
ValTe  chest,  480. 

„    gearing,  482,  485-491,  550,  569. 
Vaneft— Best  form  of,  170. 

„    — Frictioii  of  water  on,  171. 

„    — Impolse  of  water  on,  168. 
Vapoor— Cloudy,  242.    • 

„     — Denritjr  of,  826. 
Vapoure— Properties  of,  236,  825,  826, 

Velodiy,  2. 

„      — ^Angnlar,  4. 

„       of  piston,  506. 
Vertical  inverted  screw  engine,  525. 

„       water  tube  boilers,  449,  461 ,  476. 
VesseLs— Air,  148. 

Vortex  or  inward  flow  water  wheel,  191, 
198, 197, 198,  201,  207. 

Waoon  boiler,  469. 
Waste  sluice,  158. 

„     weir,  160. 
Water—Action  oi^  108. 

„     blower,  218. 

„     bucket  engines,  98, 105. 

„     bucket  hout,  105. 

„     — Expansion  of,  109. 

„     gai»ge,  454. 

„     — ^Impulse  of,  168. 

„     —Measurement  of  flow  oC  92,  580. 

„     meters,  148. 

„     powtff,  91. 

„     power  engines,  97. 

„     pressure  enpie,  98, 107, 188L 

„     pressure  hoist,  188. 

„     room  in  boilers,  462. 

M     tube  boilers,  461,  476. 


Water  wheel  goyemon,  158. 

„     wheel— Horisontal,  98. 

„        „        in  open  current,  188L 

„       „    —Vertical,  98, 150, 160, 174, 
177, 186. 

„     wheels— Efficiencjr  of,  174, 183. 
Wdr^Drowned,  151. 

„  —Flow  of  water  over,  08, 150. 

,,  —Waste,  150. 
Wheels-Adhesion  of,  528. 

„     — Bresst,  160, 161, 177. 

, ,     —  Buckets  of  water,  162, 180, 188L 

„     -Fly,  59,  482,  511. 
Windmills,  214, 218. 
Wire  ropes,  569.  • 

Wire-dAiwii  steam,  418,  416, 417,  429. 
Wood  as  fuel,  276. 

„    —Hearth  for  burning,  457. 
Work,  1. 

„     of  acceleration,  18. 

t.     against  gravity,  8. 

„  „     an  oblique  farce,  6L 

„  „     Tarying  resistanoe^  9. 

„     — Algebraical  expreasion  ior,  5. 

„     during  retardation,  85. 

„     in  terms  of  angular  motion,  3. 

„     in  terms  of  pressure  and  volume,  i 

„     —Rate  of,  2. 

„     represented  by  an 

„     — iSummary  o^  24, 

„     — Summation  of  quantities  at  6. 

„     —Useful  and  lost,  18. 
Wrsnching— Resistance  to^  78. 

Z-CRAXK  engine,  482. 
Zero— Absolute,  228. 
„  — -ThermometiiCi  227. 
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idea ;  it  is  a  common  fault  to  look  on  these  as  distinct  histories,  instead  of  as  parts  of 
one  grand  whole,"— Christian, 

"Sunday  School  Teachers  and  Heads  ol  Families  will  best  know  hofw  to  vahie  this 
handsome  volume.'— Jl^^rM^m  Whig, 

V  The  above  is  the  original  English  Edition.    In  ordering. 
Griffin's  Edition,  by  Charles  Foster,  should  be  distinctly  specified. 


RELiaiOUS  WORKS. 


STANDARD    BIBLICAL  WORKS 

BY 

THE   REV.  JOHN   EADIE,  D.D.,   LL.D^ 

LaU  a  Memhtroftht  New  Tettament  Rtvisiam  Com^tmf, 


This  Sbribs  has  been  prepared  to  afford  sound  and  necessary  aid  to  the  Reader  of  Holy 
Scripture.  The  Volumbs  comprised  in  it  form  in  themselves  a  Complbtb  Library 
OP  KBPBRBNCB.    The  number  of  Copies  ahready  issued  greatly  exceeds  a  quartbx  or  A 

MILLION. 


I.  EADIE   (Rev.   Prof.):   BIBLICAL    CYCLO- 

PiEDIA  (A) ;  or,  Dictionary  of  Eastern  Antiquities,  Geography,  and 
Natural  History,  illustrative  of  the  Old  and  New  Testaments.  With  Maps, 
many  Engravings,  and  Lithographed  Fac-simile  of  the  Moabite  Stone. 
Large  post  8vo,  700  pages.     Iwenty-fifth  Edition, 


Handsome  cloth,        .        •        •        •      7/6. 
Morocco  antique,  gilt  edges,        .         .     16/. 

*'  By  far  the  best  Bible  Dictionary  for  general  }xsit.**— Clerical  youmoL 

II.  EADIE  (Rev.  Prof.):  CRUDEN'S  CON- 
CORDANCE TO  THE  HOLY  SCRIPTURES.  With  Portiait  on 
Steel,  and  Introduction  by  the  Rev.  Dr.  King.  Post  8vo.  Fifty^first 
Edition,     Handsome  doth, 3/6. 

%*  Dr.  Eadib's  has  long  and  deservedly  borae  the  reputation  of  being  the  COM« 
PL£T£ST  and  BEST  CONCORDANCE  extant. 

III.  EADIE  (Rev.  Prof.):  CLASSIFIED  BIBLE 

(The).    An  Analytical  Concordance.     Illustrated  by  Maps.     Laige  Post 
8vo.    Sixth  Edition,     Handsome  doth,  .        .         .      8/6. 

"We  have  only  to  add  our  uncfualified  commendation  of  a  work  of  real  excellence  to 
every  Biblical  student."— CAru/ia»  Timet, 

IV.  EADIE  (Rev.  Prof.):    ECCLESIASTICAL 

CYCLOPAEDIA  (The).    A  Dictionary  of  Christian  Antiauities,  and  of 
the  History  of  the  Christian  Church.     By  the  Rev.  Professor  Eadik, 
assisted  by  numerous  Contributors.     Large  Post  8vo.     Sixth  Edition^ 
Handsome  doth,        ....      8/6. 
"The  Ecclesiastical  CvcLOPiBDiA  will  prove  acceptable  both  to  the  cleigy  and  laity 
of  Great  Britain.    A  great  body  of  useful  information  will  be  found  in  it." — A  tkenmum 

V.  EADIE  (Rev.   Prof.):   DICTIONARY  OF 

THE  HOLY  BIBLE  (A) ;  for  the  use  of  Young  People.     With  Map  and 
Ulustxations.     Small  8vo.     Thirty-eighth  Thousand, 

Cloth,  elegant, 2/6. 
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4  CHARLES  QRIFFIN  <fc  CO.'S  PUBLICATIONS. 

RELIGIONS  OF  THE  WORLD  (The) :  Being 

Confessions  of  P'aith  contributed  by  Eminent  Members  of  every  Denomi- 
nation of  Christians,  also  of  Mahometanism,  Parseeism,  Brahminism, 
Mormonism,  &c. ,  &c ,  with  a  Harmony  of  the  Christian  Confessions  ol 
Faith  -by  a  Member  of  the  Evangelical  Alliance.  Crown  Svo.  Qoth 
bevelled,  3/6. 

SOUTHGATE    (Henry):    SUGGESTIVE 

THOUGHTS  ON  RELIGIOUS  SUBJECTS.  (See  page  36.) 

SOUTHGATE  (Mrs.  H.) :  THE  CHRISTIAN 

LIFE :  Thoughts  in  Prose  and  Verse  from  Five  hundred  of  the  Bcsi 
Writers  of  all  Ages.  Selected  and  Arranged  for  Every  Day  in  the  Yeat 
Small  Svo.  With  Red  Lines  and  unique  Initial  Letters  on  each  page. 
Cloth  Elegant,  5/.     Second  Edition, 

"  A  volume  as  handsome  as  it  is  intrinsically  valtiable."— ^Sr^/iivnMi. 
*'  The  readings  are  excellent."— if «:orrf. 
**  A  library  ia  ilsc1t*'—A'0r//trm  Wkijs^. 

TAIT  (Rev.  James):  Mir^D  IN  MATTER:  A 

Short  Argument  on'  Theism.  Second  Edition,  Demy  Svo.  Handsome 
Cloth,  S/6. 

General  Contents.— Evolution  in  Nature  and  Mind— Mr.  Danria 
and  Mr.  Herbert  Spencer — Inspiration,  Natural  and  Supcmalaral— 
Deductions. 

"An  able  and  original  contribution  to  Theistic  Htcratiire.  .  ,  .  The  styk  is 
pointed,  concise,  and  telling  to  a  degree." — GUisscw  Herald. 

"Mr.  Tait  advances  many  new  and  striking  arguments  .  .  .  highly  suggestive 
and  fresh."— -5r/V.  Qimrterly  Review, 

THE   MASSES:    How  Shall  we  Reach  Them? 

Some  Hindrances  in  the  way,  set  forth  from  the  standpoint  of  the  People, 
with  Comments  and  Suggestions.  By  an  Old  Lay-helper.  Cloih, 
2s.  6d.     Second  Edition, 

\*  An  attempt  to  set  forth  some  deficiencies  in  our  present  methods  of  reaching  the 
poor,  in  the  language  of  the  people  themselves. 

"  So  full  of  suggest iveness  that  we  should  reprint  a  tithe  of  the  book  if  we  were  to 
transcribe  all  the  extracts  wc  should  like  to  make." — Church  Bells. 

"  'Hindrances  in  the  way'  exactly  describes  the  .subject-matter  of  the  Book.    Any 
-    one  contemplating  Missionary  work  m  a  large  town  would  be  helped  by  studyinf^  iu" — 
Gttardian. 

"  '  The  Masses '  is  a  book  to  be  well  pondered  over  and  acted  ^x^Tu*— Church  IVork, 

"A  very  useful  book,  well  worth  reading."— CAwrr^  Times, 

"  A  most  interesting  book.  .  .  .  Contains  a  graphic  description  of  work  among  the 
faAsxs.''—£fi£li'sA  Churchman, 

WORDS  AND  WORKS  OF  OUR  BLESSED 

LORD :  and  their  Lessons  for  DaiJy  Life.  Two  Vols,  in  One. 
L'oolscap  8vo.     Cloth,  gilt  edges,  6/. 


MEDICINE  AND  THE  ALLIED  SCIENCES.  $ 

TT  O  UK  S 

By  Sir  WILLIAM  AITKEN,  M.D.,  Edia,  F.R.S., 

PROFESSOR  OF  PATHOLOGY  IN  THK  ARMY  MEDICAL    SCHOOL  ;    SXAMINFR  IN    MEDICINK  FOR 

THB  MILITARY    MEDICAL    SERVICES  OF   THK  QUEEN  ;   FELLOW  OF  THE  SANITARY 

INSTITUTE  OF  GREAT  BRITAIN  ;   CORRICSFONDING   MEMBER  OF    THE   ROYAL 

IMPERIAL    SOCIETY    OF    PHYSICIANS    OF    VIENNA  ;    AND    OF  THB 

SOCIETY  OP  MBDICINB  AND  NATURAL  HISTORY  OF  DRESDEN. 


Seventh  Edition. 

The  SCIENCE  and  PRACTICE  of  MEDICINE. 

In  Two  Volumes,  Royal  8vo.,  cloth.  Illustrated  by  numerous  Engrav- 
ings on  Wood,  and  a  Map  of  the  Geographical  Distribution  of  Diseases. 
To  a  great  extent  Rewritten  ;  Enlarged,  Remodelled,  and  Carefully 
Revised  throughout,  42/. 


Opinions  of  the  Press. 

"The  work  is  an  ftdmirablc  one,  and  adapted  to  the  requirements  of  the  Student^ 
Professor,  and  Practitioner  of  Medicine.  .  .  .  The  reader  will  find  a  large  amount  of 
information  not  to  be  met  with  in  other  books,  epitomised  for  him  in  this.  Wc_  know  of 
no  work  that  contains  so  much,  or  such  full  and  varied  information  on  all  subjects  con< 
nected  with  the  Science  and  Practice  of  Medicine."— Z.a«t:rf. 

"  Excellent  from  the  beginning,  and  improved  in  each  successive  issue,  Dr.  Aitken's 
GREAT  and  STANDARD  WORK  has  uow,  With  vast  and  judicious  labour,  been  brought 
abreast  of  every  recent  advance  in  scientific  medicine  and  the  healing  art,  and  affords  to  the 
Student  and  Practitioner  a  store  of  knowledge  and  guidance  of  altogether  inestimable  value. 
.  .  .  A  classical  work  which  does  honour  to  British  Medicine,  and  is  a  compendium  of 
sound  knowledge." — Extrttctfrom  Kciu'evt  in  *'  Brian,"  by  J.  CrichtoH-BrowHe,  M,D., 
F.R. 

"The  Seventh  Edition  of  this  important  Text-Book  fully  maintains  its  reputation. 
•  .  .  Dr.  Aiikcn  is  indefatigable  in  his  cfTorts.  .  .  .  llie  section  on  Diseases  of 
the  Brain  and  Nervous  System  is  completely  remodelled,  so  as  to  include  all  the 
most  recent  researches,  which  in  this  department  have  been  not  less  important  than  they 
are  numerous  ' — British  Medical  youmal. 

"The  Standard Trxt-Book  in  the  English  Language.  .  ,  .  There  is,  perhaps, 
no  work  more  indispensable  for  the  Practitioner  and  Student."— £"<//».  Medical  youmal. 

"  The  extraordinarjf  merit  of  Dr.  Aitken's  work.  .  ,  .  The  author  has  unquestion- 
ably performed  a  service  to  the  profession  of  the  most  valuable  ]dnd,"—I'ractiii{»ter. 

OUTLINES    OF   THE    SCIENCE    AND 

PRACTICE  OF  MEDICINE.      A  Text-Book  for   Students.      Second 
EdUion^        Crown  8yo,  12/6. 

"  Students  preparing  for  examinations  will  hail  it  as  a  perfect  godsend  for  its  concise- 
ness."— Athenattm. 

"  Well-digested,  clear,  and  well-written,  the  work  of  a  man  conversant  with  every 
detail  of  his  subject,  and  a  thorough  master  of  the  art  of  XKSLchxng.**— British  Medical 
JaurneU,  

CAIRD  (F.  M.,  M.B.,  F.R.C.S.),  and  CATHCART 

(C.  W.,  M.B.,  F.R.C.S.): 

A  SURGICAL  HANDBOOK:  For  the  use  of  Practitioners, 
Students,  House- Surgeons,  and  Dressers.  With  Numerous  Illustrations. 
Third  Edition,     Pocket-size,  Leather,  8/6. 

"Thi«  is  a  THOROUGHLY  PRACTICAL  MANUAL,  well  up  to  date,  clear, 
accurate,  and  succinct    It  is  thoroughly  trustworthy,  handy,  and  well  got  up."— Z.a«tf//. 
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By  PROFESSOR  T.  M'CALL  ANDERSON,  M.D. 

Now  ready y  with  two  Coloured  Litkographs,  Steel  Plate,  and  numeroua  Woodadi, 
Royal  8vo,  Ilandsome  Chlh,  258. 

DISEASES  OF  THE  SKIN 

(A  TREATISE  ON), 

With  Special  Reference  to  Diagnosis  and  Treatment,  Including  ax 
Analysis  of  11,000  Consecutive  Cases. 

By  T.  M'CALL  ANDERSON,  M.D., 
Profewor  of  Clinical  Medicine,   University  of  Glasgow, 

The  want  of  a  manual,  embodying  the  most  recent  advances  in  the 
treatment  of  cutaneous  affections,  has  made  itself  much  felt  of  late 
years.  Professor  M^Oall  Anderson's  Treatise,  therefore,  affording, 
as  it  does,  a  complete  resume  of  the  best  modern  practice,  will  be 
doubly  welcome.  It  is  written — ^not  from  the  standpoint  of  the 
"University  Professor — but  from  that  of  one  who,  during  upwards  of 
a  quarter  of  a  century,  has  been  actively  engaged  both  in  private  and 
in  hospital  practice,  with  unusual  opportunities  for  studying  thii 
class  of  disease,  hence  the  practical  and  clinical  directions  given 
are  of  great  value. 

Speaking  of  the  practical  aspects  of  Dr.  Anderson's  work,  the 
British  Medical  Journal  says : — "  Skin  diseases  are,  as  is  well-known, 
obstinate  and  troublesome,  and  the  knowledge  that  there  are  addi- 
tional resources  besides  those  in  ordinary  use  will  give  confidence 
to  many  a  puzzled  medical  man,  and  enable  him  to  encourage  a 
doubting  patient.  Alviost  any  page  might  be  used  to  illustrate 
THE  fulness  op  THE  WORK  IN  THIS  RESPECT.  .  .  .  The  chapter 
on  Eczema,  that  universal  and  most  troublesome  ailment,  describes 
in  a  comprehensive  spirit  and  with  the  greatest  accuracy  of  detail 
the  various  methods  of  treatment.  Dr.  Anderson  writes  with  the 
authority  of  a  man  who  has  tried  the  remedies  which  he  discusses, 
and  the  information  and  advice  which  he  gives  cannot  £sdl  to  prove 
extremely  valuable." 

Opinions  of  the  Press. 

"  Beyond  doabt,  the  most  impohtaitt  work  on  Skin  Dlfleosos  th&t  has  appearM  In  EncUxid  for 
many  yearn.  .  .  .  Oonspicaoas  for  the  amount  and  kxcbllskgs  of  the  cluical  axd  FSACnCA& 
information  whioh  ft  oontunA." -BritUft  Medical  Journal. 

"  ProfesBor  If  "Call  Andprson  has  produced  a  work  likely  to  prove  very  aceeptahit  to  the  Xnaf 
practitioner.  Tbe  neotiona  on  treatni«*nt  are  very  full.  For  example,  Egzbka  has  110  PMM  CiTeD 
to  it,  anl  73  of  these  pages  ar^  devoted  to  treatmenL"— ZoRce^ 
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WORKS     by    A.     WYiVTER     BLYTH,     M.R.C.S.,     F.C.S., 

IHiblic  Analyst  for  the  County  of  Devon,  and  Medicsd  Officer  of  Health  for 
St.  Marylebone. 

I.  FOODS:   THEIR    COMPOSITION    AND 

ANALYSIS.     Price  16/.     In  Crown  8vo,  cloth,  with  Elaborate  Tables 
and  Litho- Plates.     Third  Edition,     Revised  and  partly  rewritten. 
General  Contents. 

History  of  Adulteration  —Legislation,  Past  and  Present — Apparatus  useful  to  the 
Food  Analyst— "Ash"— Sumii^-Confcctionery-  Honey— Treacle- Jams  and  Preserved 
Fruits  -Starches— Wheaten-Flour—  Bread— Oats  —  Barley— Rye—  Kice— Maize— Millet 
—  Potato— Peas— Chinese  Peas— Lentils— Beans— Milk— Cream-  Butter— Cheese— Tea 
—Coffee  —  Cocoa  and  Chocolate  —  Alcohol  —  Brandy— Rum— Whisky— Gin— Arrack- 
Liqueurs— Beer — Wine — Vinegar— Lemon  and  Lime  Juice— Musiaro— Pepper — Sweet 
and  Bitter  Almond— Annatto— Olive  Oil— Water.  Appendix  i  Text  of  English  and 
American  Adulteration  Acts. 

**  Will  he  used  by  every  Analyst."  —Lancet.  ^ 

"Stands  Unrivallbd  for  completeness  of  information.  .  .  .  A  really  '  practical ' 
work  for  the  guidance  of  practical  men."— 5V»«/ilrtrr  Record. 

"An  admirable  digest  of  the  most  recent  state  of  knowledge.  •  .  .  Interesting 
even  to  lay-readers."- CA^»f/V«/  News, 

%*  The  Nbw  EomoN  contains  many  Notable  Additions,  especially  on  the  subject 
of  Milk  and  iu  relation  to  Fhver-Epidbmics,  the  Purity  of  Watbr-Supply,  the 
new  Margarine  Act,  &c.,  &c 

COMPANION    VOLUME. 

II.  POISONS:  THEIR  EFFECTS  AND  DE- 

TECTION.    Price  16/. 

General  Contents. 

Historical  Introduction— Sutistics— General  Methods  of  Procedure— Life  Tests — 
Special  Apparatus— Classification  :  I.— Organic  Poisons  :  (a.)  Sulphuric,  Hydrochloric, 
and  Nitnc  Acid&  Potash,  Soda,  Ammonia,  &c.';  (b.)  Petroleum,  Benzene.  Camphor, 
Alcohols,  Chloroform,  Carbolic  Acid,  Pru3sic  Acid,  Phosphorus,  &c. ;  {c.}  Hemlock, 
Nicotine,  Opium,  Strychnine,  Aconite,  Atropine,  Di^talis,  &c.  ;  {d.)  Poisons 
derived  from  Animal  Substances  ;  {e.)  The  Oxalic  Acid  Group.  II. — Inorganic 
Poisons:  Arsenic,  Antimony,  Lead,  Copper,  Bismuth,  Silver,  Mercury,  Zinc,  Nickel 
Iron,  Chromium,  Alkaline  Earths,  &c  Appendix :  A.  Examination  of  Blood  and 
Blood-Spots.     B.  Hints  for  Emergencies:  Treatment —Antidotes. 

"Should  be  in  the  hands  of  every  medical  practitioner.'* — Lancet. 

"  A  sound  and  practical  Manual  of  Toxicology,  which  cannot  be  too  warmly  re- 
commended. One  of  its  chief  merits  is  that  it  discusses  substances  which  have  been 
overlooked." — Chemical  News. 

"One  of  the  best,  most  thorough,  and  comprehensive  works  on  the  subject."^ 
Saturday  Revttw, 

HYGIENE  AND  PUBLIC  HEALTH  (a  Die 

tionary  oQ  t  embracing  the  following  subjects : — 

I.— Sanitary  Chemistry  :  the  Composition  and  Dietetic  Value  of 
Foodfi,  with  the  Detection  of  Adulterations. 
II.— Sanitary  Enginkering  :  Sewage,  Drainage,  Storage  of  Water, 
Ventilation,  Warming,  &c. 
III.— -Sanitary  Legislation  :  the  whole  of  the  PUBLIC  HEALTH 
ACT,  together  with  portions  of  other  Sanitary  Statutes,  in  a 
form  admitting  of  easy  and  rapid  Reference. 
IV.— Epidemic  and  Epizootic  Diseases  :    their  History  and  Pro- 
pagation, with  the  Measures  for  Disinfection, 
v.— Hygi&ne— Military,  Naval,  Private,  Public,  Schoou 
Ro3ral  8vo,  672  pp.,  cloth,  with  Map  and  140  Illustrations,  28/. 

*'  A  work  that  must  have  entailed  a  vast  amount  of  labour  and  research.    .    .    .    Will 
become  a  Standard  Work  in  Public  Health." — Medical  Times  and  Gaaetts, 
"  Contains  a  great  mass  of  information  of  easy  reference.**— .S'aM/<i^  Record. 


CHARLES  GRIFFIN  it  C'O.'S  PUBLICATIONS. 


DAVIS  (J.  R.  A.,  B.A.,  Lecturer  on  Biology  at  the 

University  College  of  Wales,  Aberystwyth) : 

AN  INTRODUCTION  TO   BIOLOGY,    for  the  use  of  Students. 
Comprising  Vegetable  and  Animal  Morphology  and  Phjrsiology. 

li^ith  Bibliogiaphy^  Exam.-Questions^  complete  Glossary ^  and  158  lUustraiions. 
Large  Crown  Bvo.     12s.  6d, 


"  The  volume  is  literally  packed  with  information.*'— C//wr^!(«»  Afedical  yonmnL 
"  As  a  general  work  of  reference,  Mr.  Davis'  Manual  will  be  highly  serviceable  bod 
to  medical  men  and  to  amateur  or  professional  scientists."— ^rtV/f A  Medical  J omrmml. 


THE  FLOWERING-PLANT:  First  Principles  of  Botany.  Specially 
adapted  to  the  Requirements  of  Students  preparing  for  Competitive 
Examinations.    With  numerous  Illustrations.     Crown  8vo,  Cloth,  35.  6d« 

DUCKWORTH     (Sir     Dyce,     M.D.     (Edin.), 

F.R.C.P.): 

GOUT  (A  Treatise  on)  :  for  the  Use  of  Practitioners  and  Students. 
With  Chromo-Lithograph,  Folding  Plate,  and  Illustrations.  Ro}'al 
8vo,  25s. 

"  At  once  thoroughly  practical  and  highly  philosophical.  The  practitioner  will  find 
an  enormous  amount  of  information  in  it." — Practitioner, 

DUPRE  (A.,Ph.D.,F.R.S.).  and  WILSON  HAKE 

(Ph.D.,  F.LC,  F.C.S.,  of  the  Westminster  Hospital  Medical  School) : 
INORGANIC  CHEMISTRY  (A  Short  Manual  oQ:  with  Coloared 
Plate  of  Spectra.     Crown  8vo,  Cloth,  7s.  6d. 

"The  BRST  MANCAL  for  Medical  aspirants  that  has  appeared  on  the  subject  of 
Inorganic  Chemistry."— /J rni/y*/. 

"  A  well-written,  clear,  and  accurate  Elementary  Manual  of  Inotganic  Cheinistry. 
.  .   .    We  agree  heartily  in  the  system  adopted  by  Drs.  Duprd  and  HaJce.    Wiu.  make 

EXPERIMENTAL    WORK     TREBLY     INTERESTING    BECAUSE    INTELLIGIBLE.'— .S«/lKndStf 

Review. 

ELBORNE  (W.,    F.L.S.,   F.CS.,  late  Assistant- 

Lecturer  in  Materia  Medica  and  Pharmacy,  Owens  College,  Manchester): 
PHARMACY  AND  MATERIA  MEDICA  (A  Laboratory  Course  of): 
Including  the  Principles  and  Practice  of  Dispensing.  Adapted  to  the 
Study  of  the  British  PKarmacopoeia  and  the  requirements  of  the  Private 
Student.  With  Li tho- Plates,  and  numerous  Illustrations.  Large  crown 
8vo.     Cloth,  8s.  6d. 

EWART   (J.   COSSAR,    M.D.,  F.R.S.E.,  Regius 

Professor  of  Natural  History,  Univeraty  of  Edinburgh) : 

THE  PRESERVATION  OF  FISH,  in  reference  to  Food  Supply 
Hints  on).     In  Crown  8vo,  Wrapper,  6d. 

GARROD  (A.E.,  M.A.,  M.D.,  Oxon.,  M.R.C.P., 

Assistant-Physician  to  the  West  London  Hospital,  &c.): 

RHEUMATISM  AND  RHEUMATOID  ARTHRITIS  (A  Treatise 
on):  for  the  Use  of  Students  and  Practitioners,  With  Charts  and  Ulns- 
trations.     Medium  8vo.     Cloth,  21s. 
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GRIFFIN  (John  Joseph,  F.CS.)  : 

CHEMICAL  RECREATIONS:  A  Popular  Manual  of  Expcrimciital 
Chemistry.  With  540  Engravings  of  Apparatus,  TeniA  Edition,  Crown 
4to.     Cloth. 

Part    I.— Elementary  Chemistry,  2/. 

Part  II. — The  Chemistry  of  the  Non-Metallic  Elements,  including  a 
Comprehensive  Course  of  Class  Experiments,  10/6. 
Or,  complete  in  one  volume,  cloth,  gilt  top,      .        .     12/6. 

HAD  DON   (A.   C,  M.A.,  F.Z.S.,  Professor  of 

Zoology  at  the  Royal  College  of  Science,  Dublin) : 

AN  INTRODUCTION  TO  THE  STUDY  OF  EMBRYOLOGY, 
for  the  use  of  Students.    With  190  Illustrations.    In  Royal  8vo,  Cloth,  18s. 

^  "  An  EXCELLENT  RRsuMR  OF  RECENT  RESBAKCH,  wcIl  adapted  for  self-study.  .  .  . 
Gives  remarkably  good  accounts  (including  a. I  recent  work)  of  the  development  of  the 
heart  and  other  organs.     .    .     .    The  book  is  handsomely  got  up." — Lancet, 

"  Prof.  H  addon  has  the  real  scientific  spirit  for  work  of  this  kind.  .  .  .  The 
development  of  the  various  organs  ably  demonstrated.  .  .  .  Forms  a  bandsonwi 
volume.**— ^nV.  AfeJ.  jfoHmal. 

HUMPHRY  (L.,  M.A.,  M.B.,  M.R.C.S.,  Assistant- 

Physician  to,  and  Lecturer  to  Probationers  at,  Addcnbrooke's  Hospital, 
Cambridge) : 

NURSING  (A  Manual  oQ :  Medical  and  Surgical.  With  Numerous 
Illustrations.     Second  Ediiion.     Crown  8vo,  Cloth,  3s.  6d. 

"  We  would  advise  all  Nurses  to  possess  a  copy."— TlAr  HospitaL 

JAKSCH  (Prof.  R.  von,  University  of  Graz)  : 

CLINICAL  DIAGNOSIS :  A  Text-book  of  the  Chemical,  Micro- 
scopical, and  Bacteriological  Evidence  of  Disease.  Translated  from  tlie 
Second  German  Edition,  by  Jamks  Cagney,  M.A.,  M.D.,  St.  Mary's 
Hospital.  With  additions  by  Wm.  Stirling,  M.D.,  Sc.D.,  Prof,  of 
Physiology,  Owens  College,  Manchester.  With  numerous  Illustrations  in 
Colour.     Medium  8vo,  25s. 

LANDIS   (Henry   G.,  A.M.,   M.D.,  Professor  of 

Obstetrics  in  Starling  Medical  College) : 

THE  MANAGEMENT  OF  LABOUR  AND  OF  THE  LYING-IN 
PERIOD.     In  8vo,  with  Illustrations.     Cloth,  7/6. 

"  Fully  accomplishes  the  object  kept  in  view  by  its  author.  .  .  .  Will  be  found 
of  GREAT  VALUB  by  the  young  pracutioner."— (J^tffviv  Medical  JoumaL 

LEWIS  (W.  Bevan,  L.R.C.P.,  M.R.C.S.,  Medical 

Director  of  the  West- Riding  Asylum,  Wakefield) : 

MENTAL  DISEASES  (A  Text  book  of) :  With  Special  Reference  to 
the  Pathological  Aspects  of  Insanity.  For  the  Use  of  Students  and  Practi- 
tioners. With  18  Litho- Plates,  Charts,  and  Illustrations.  Royal  8vo,  28/. 
**A  splendid  addition  to  the  literature  of  mental  diseases.  .  .  .  Every  page 
bristles  with  important  facts.  As  a  standard  work  on  the  pathology  of  mental  disrawcii 
the  volume  should  occupy  a  prominent  place."— Z?«3/i«  Medical  Journal, 
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By  Professors  LANPOIS  and  STIRLING.       . 

HUMAN      PHYSIOLOGY 

(A  TEXT-BOOK  OF): 

Including  Hittt^ogv  and  Microscopical  Anatomy, 

WITH    SPECIAL    REFERENCE    TO    PRACTICAL    HEDiaNE. 

By    Dr.    L.    LANDOIS, 

Prof,  op  Physiology,  Univbrsity  of  Grbifswaux 

Translated  from  the  Sixth  Gennan  Edition,  with  Annotations  and  Addidona^ 

By  WM.  STIRLING,  M.D.,  ScD., 

BRACXBNBURY  PROFBSSOR  op  physiology  in  OWENS  COLLBGB,  AND  VICTORIA  UNTTntSmr^ 
MANCHBSTBR  ;    KXAMINBR  IN  THB  UNIVBRSITIES  OP  OXFORD  AND  CAMBRIDGB. 

Royal    8vo,    Handsome   Cloth.     34s. 

W\i\  irtn;  jp[>">^'^^'  |Ua>tniftons. 

THIRD    ENGLISH    EDITION. 

GENERAL   CONTENTS. 

Part  I.— Physiology  of  the  Blood,  Circulation,  Respiration,  Digeition,  Absorptioa^ 
Animal  Heat,  Metabolic  Phenomena  of  the  Body. 

Part  II.— Secretion  of  Urine;  Structure  of  the  Skin;  Phsrsiology  of  the  Motor 
Apparatus ;  the  Voice  and  Speech  ;  General  Physiology  of  the  Nerves ;  Efectro-Physiolosy ; 
the  Brain ;  Organs  of  Vision,  Hearing,  Smell,  Taste,  Touch ;  Physiology  of  Devclopmeat. 

%•  Since  its  first  appearance  in  1880,  Prof.  Landois*  Text- 
Book  OF  Physiology  has  been  translated  into  three  Foreign 
languages,  and  passed  through  five  large  editions. 

To  meet  the  wishes  of  Students,  the  ThIrd  English  Edition 
has  been  issued  in  One  Volume,  printed  on  specially  prepared 
paper.  Numerous  Additions  have  been  made  throughout,  bringing 
the  work  abreast  in  all  respects  of  the  latest  researches  in  Physiology 
and  their  bearing  on  Practical  Medicine ;  and  the  number  of 
Illustrations  has  also  been  largely  increased— from  494  in  the 
First  to  692  in  the  present  Edition. 

"So  great  are  the  advantages  oflfered  by  Prof.  Lando'S*  Text-book,  from  the 
BXHAUSTIVB  and  kminbntly  PRACTICAL  manner  in  which  the  subject  is  treated,  that 
it  has  pa^ssed  through  pour  large  editions  in  the  same  number  of  years.^  .  .  .  Dr. 
Stirling's  annotations  have  materially  added  to  the  value  of  the  work.  Admirably  adapted 
for  the  Pkactitioner.  .  .  .  With  tfaas  Text-book  at  command,  no  Student  could  fail 
IN  HIS  BXAMiNATioN."— 7)ir  Lamtt, 

"One  of  the  most  practical  works  on  Physiology  ever  written,  forming  a  'bridge' 
between  Physiology  and  Practical  Medicine.  ...  Its  chief  merits  are  its  completeness 
and  conciseness.  .  .  .  The  additions  by  the  Editor  are  able  and  judidous.  .  .  . 
Excbllrntly  clbar^  attractive,  and  succinct.**— i?r//.  Med.  JoHmaL 

"  The  great  subjects  dealt  with  are  treated  in  an  admirably  clear,  terse,  and  happQy- 
ilhistrated  manner.  At  every  turn  the  doctrines  laid  down  are  illuminated  by  reference  to 
facts  of  Clinical  Medicine  or  Pathology."— /*»rtc/i/w«rr. 

"  We  have  no  hesitation  in  saying  that  this  is  thb  work  to  which  the  pRACTiTioifSR 
will  turn  whenever  he  desires  light  thrown  upon,  or  information  as  to  how  he  can  best 
investigate,  the  phenomena  of  a  complicated  or  important  casb.  To  the  Studbmt  it 
will  be  EQUALLY  VALUABLE."— £</iM^^  Mtdicoi yottmaL 

"Lakdois  and  Stirling's  work  cannot  fail  to  establish  itself  as  one  of  the  most  useful 
and  popukir  works  known  to  English  n9Acx%"— Manchester  Medical  CkronicU, 

*As  a  work  of  reference,  Landois  and  Stirling's  Treatise  ought  to  takb  thb 
foremost   place  among  the  text-books  in  the  English   language.     The  woodcuu  are 
noticeable  for  their  number  and  beauty."— ^/a^^vw  Medkaiy&umaL 
^   «_".»<>V®?»o'?»hly  the  moet  admirable  exposition  of  the  relations  of  Human  Physiokvy 
10  Ftactical  M  edione  that  has  ever  been  Udd  befot«  £i«Ush  readers.  ''Stmdemii  y0$trmjr 
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By  Drs.  BOBYER  and  FERQUa 

^010  Beady,  wUh  Three  Coloured  PUUes  and  wumeroua  lUuiiraiiom. 
Royal  800,  HoHdmme  Chth^  25«. 

DISEASES   OF  THE    EYE 

(A  PRACTICAL  TREATISE   ON), 

By  EDOUARD  JiEYER, 
Prof,  a  VEcole  Pratique  de  la  FaculU  de  Midedtu  de  Pari$, 
Chev,  of  the  Leg,  (^f  Honour ^  Jec 


Translated  from  the  Third  French  Edition,  with  Additions  as 

contained  in  the  Fourth  German  Edition, 

By  F.  FERGUS,  iVI.B.,  Ophthalmic  Surgeon,  Glasgow  Infirmary. 


The  particular  features  that  will  most  commend  Dr.  Mejei^s  work 
to  English  readers  are — ^its  conciseness,  its  helpfulness  in  explana- 
tion, and  the  pbacticalitt  of  its  directions.  The  best  proof  of  ita 
worth  may,  perhaps,  be  seen  in  the  fact  that  it  has  now  gone  through 
three  French  and  four  German  editions,  and  has  been  translated  into 
most  European  languages — Italian,  Spanish,  Russian,  and  PoUsh-^And 
even  into  Japanese. 


Opinions  of  the  Press. 

**AaooDnAinLAnoiror  AoooDBooK.  .  .  .  A  somro  ooidb  In  the  diagnoelB  uid  treatment  of 
the  Tarioos  dlaeuee  of  the  eye  that  are  likely  to  fall  under  the  notioe  of  the  geneml  PraotMoner. 
The  Paper,  Type,  and  Ohromo-Llthographe  are  aU  that  ooold  be  desired.  ...  We  know  of  no  work 
In  whloh  the  wmmxbkb  and  dbtobmitibs  of  the  uds  are  more  fully  treated.  Numerooa  flgoree  iUoi- 
trate  afanoet  eyery  defect  remediable  by  operation.**— iVae<i<<o»<r. 

**  A  TSBT  TRURWOBTBT  oumB  in  all  respects.  .  .  .  THoRoiroHLr  PBAcn<UL,  Ezoelleatfy  trana- 
lated,  and  very  well  got  np.   Type,  Woodonte,  and  Ohromo-Lithographs  are  aUke  ezoellent"— > 


**  Any  Student  will  find  this  work  of  oh&it  ykum.   .   .    .   The  chapter  on  Cataract  la  rx^elleDtw 
.  .  .   The  lUnstrations  describins  the  TariooB  plaatio  operationa  are  ipeoially  hetpftu.  '—Brit, 
MU.JounuL 

**An  KZCSLLBVT  TRASiLATioa  of  a  standard  French  Text-Book.  .  .  .  We  can  oordiaUy  recom  ^ 
mend  Dr.  Meyer's  wark.  It  is  essentially  a  piucnoAL  wou.  The  Publishers  hare  done  their  pan 
In  the  tasteful  and  substantial  manner  characteristic  of  their  medical  poblioattons.*'— tf^fAa  m<c 
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LINN  (S.H.,  M.D.,  D.D.S.,  Dentist  to  the  Imperial 

Medioo-Chtrurgical  Academy  of  St.  Petenburg) : 

THE  TEETH  :  How  to  preserve  them  and  prerent  their  Deoif.  A 
Popular  Treatise  on  the  Diseases  and  the  Care  of  the  Teeth.  With 
Plates  and  Diagrams.     Crown  8va     Cloth,  2/6. 

LONGMORE    (Surgeon-General,  CB.,    Q.H.S., 

F.R.C.S.,  &C.,  Professor  of  Military  Surgery,  Army  Medical  School): 

THE  SANITARY  CONTRASTS  OF  THE  CRIMEAN  WAR. 
Demy  8vo.     Cloth  limp,  1/6. 

"A  most  valuable  contribution  to  Military  Medicine. "—^fifMsA  M§ikml  J^m  — f. 
"  A  most  concise  and  interesting  Review. —i^oMcriL 

MACALISTER  (A.,  M.D,  F.R.S.,  Professor  of 

Anatomy,  University  of  Cambridge) : 

HUMAN  ANATOMY:  Systematic  and  Topographical  (A  Text-book 
of),  including  the  Embryology,  Histology,  and  Morphology  of  Man,  with 
Special  Reference  to  the  Requirements  of  Practical  Surgery  and  Medicine. 
With  816  Illustrations.     Medium  8vo.     36s. 

*'  By  far  the  most  important  work  on  this  subject  which  has  appeared  in  recent  yean. 
.  .  .  Not  only  deals  with  Descriptive  and  Topographical  Anatomy,  but  is  also  a 
complete  treatise  on  Human  Embryology,  Histology,  and  Morphology. ' — TkeLmmet. 

OBERSTEINER  (Prof.  H.,  University  of  Vienna): 

THE  CENTRAL  NERVOUS  ORGANS.  A  Guide  to  the  Study 
of  their  Structure  in  Health  and  Disease.  Translated,  with  annotations 
and  additions,  by  Alex.  Hill,  M.A.,  M.D.,  Master  of  Downing  College^ 
Cambridge,     '^^'ith  all  the  Original  Illustrations.     Medium  8vo,  25s. 

PARKER  (Prof.  W.  Kitchen,  F.R.S.,  Hunterian 

Professor,  Royal  College  of  Surgeons): 

MAMMALIAN  DESCENT:  being  the  Hunterian  Lectures  for  iSSf. 
Adapted  for  General  Readers.    With  Illustrations.     In  8vo,  doth,  10/6. 

"A  Tery  striking  book  ...  as  readable  as  a  book  of  tnYds.  Vnd,  pAuna 
is  no  Materialist**— i^/»f/«/^  Post, 

PORTER    (Surgeon-Major  J.  H.,  Late  Assistant 

Professor  of  Military  Surgery  in  the  Army  Medical  School): 

THE  SURGEON'S  POCKET-BOOK:  an  Essay  on  the  Best  Treat- 
ment of  the  Wounded  in  War ;  for  which  a  Prize  was  awarded  by  Her 
Majesty  the  Empress  of  Germany.  Specially  adapted  to  the  Ft7BUC 
Medical  Services.  With  152  Illustrations  and  folding-plate,  fqx 
8vo,  roan,  7/6.  Third  Editum,  Revised  and  Enlarged,  By  Brigade- 
Surgeon  C.  H.  Y.  Godwin,  of  the  Army  Medical  School. 

"  Every  Medical  Officer  is  recommended  to  have  the  '  Surveon*s  Podcet-Book '  br 
Surgeon-Major  Porter,  accessible  to  refresh  hu  memory  and  fortify  his  judgiacat.^ 
— Pr4cis  ^ FieldStrmet  Medical  A  rrangrments  for  Afghan  War, 

"A  complete  vade  mecum  to  guide  the  military  surgeon  in  the  fiekL"— i^rr'cxcl 
MmUcoI  JeumaL 

"A  capital  little  book  of  the  greatest  practical  value.  ...  A  rargeon  with  thi» 
Manual  in  his  pocket  becomes  a  man  of  resource  at  once.**— ffVr/JwmwiSrr  Atfvarw. 
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SEXTON    (A.    Humboldt,    F.C.S.,    Professor   of 

Metallurgy,  Glasgow  and  West  of  Scotland  Technical  College) : 

1.  QUANTITATIVE  ANALYSIS  (Outlines  of).  For  the  Use  of 
Students.  With  Numerous  Illustrations.  Third  Edition,  Crown  8vo, 
Cloth,  3/. 

"  A  i^ood  and  useful  book.    ,    .    .    Really  supplies  a  want**—  The  Lancet. 

**  This  is  an  admirable  little  volume,  and  well  fulfils  its  purpose." — Schoolmaster. 

2.  QUALITATIVE  ANALYSIS  (Outlines  of).  For  the  use  of 
Students.  With  numerous  Illustrations.  Second  Edition,  Crown  8vo. 
Cloth,  3/6. 

**  The  Work  of  a  thorough  practical  Chemist  .  .  .  and  one  which  may  be 
unhesitatingly  recommended." — Brit.  Medical  Journal. 

STIRLING  (William,  M.D.,  D.Sc,  Owens  College, 

Manchester) : 

A  TEXT-BOOK  OF  HUMAN  PHYSIOLOGY  (See  under  Landois 
and  Stirling^  page  lo).     Third  Edition, 

OUTLINES  OF  PRACTICAL  PHYSIOLOGY:  including  Experi- 
mental  and  Chemical  Physiology.  Wiih  special  reference  to  Clinical 
Medicine.  A  Laboratory  Handbook  for  the  use  of  Students.  Second 
Revisid  Edition,     With  234  Illustrations.     In  large  Crown  8vo,  9/. 

"  An  excellent  treatise,  which  we  can  thoroughly  recommtnd.'*— Lancet. 
"  May  be  confidently  recommended  as  a  guide  to  the  Student  of  Physiology." — 
Ciasgow  Medical  yonmat. 

OUTLINES  OF  PRACTICAL  HISTOLOGY.  With  344  lUustra- 
tions.     Large  Crown  8vo.     Cloth,  12/6. 

THORBURN     (John,     M.D.,     F.R.C.P.,     Late 

Professor  of  Obstetric  Medicine,  Owens  College  and  Victoria  University, 
Manchester;   Obstetric  Physician  to  the  Manchester  Royal  Infirmary):. 

THE  DISEASES  OF  WOMEN  (A  Practical  Treatise  on).    Prepared^ 
with  Special  Reference  to  the  Wants  of  the  General  Practitioner  and. 
Advanced  Student     With  Chromo-lithograph,  and  over  200  Illustrations* 
Royal  8vo,  handsome  cloth,  21/. 

The  BNTiKB  WORK  is  IMPARTIAL  and  iNSTRUCTivs,  a&d  in  every  way  worthy  of  iu. 
author."— ^r///*A  Medical  youf$taL 

THORBURN  (Wm.,  B.S.,  B.Sc,  M.D.,  F.R.CS., 

Assistant-Surgeon  to  the  Manchester  Royal  Infirmary) : 

THE  SURGERY  OF  THE  SPINAL  CORD  (A  Contribution  to). 
With  Diagrams,  Tables,  and  Illustrations.  Medium  8vo.  Handsome 
cloth,  I2S.  6d. 

THORNTON  (J.  Knowsley,  M.B.,  M.C.,  Surgeon 

to  the  Samaritan  Free  Hospital  for  Women,  &c.,  &c.) : 

THE  SURGERY  OF  THE  KIDNEYS.  Being  the  Harveian 
Lectures  for  1889.  With  Illustrations  and  Tables.    DemySvo.    Cloth,  5s. 
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GENERAL  SCIENTIFIC  AND  TECHNICAL  V^ORKS. 


BERINGER  (C,  F.I.C.,  F.C.S.,  late  Chief  Assayer 

to  the  Rio  Tinto  Company) ;  and  BERINGER  (J.  J.,  F.I.C  ,  F.C.S., 
Public  Analyst  for,  and  Lecturer  to  the  Mining  Association  of,  Cornwall) : 

ASSAYING  (A  Text-Book  oQ :  for  the  Use  of  Students,  Mine 
Managers,  Assayers,  &c.  With  numerous  Tables  and  Illustrations. 
Crown  8vo.     Cloth,  10/6. 

*' A  REALLY  MERITORIOUS  WORK,  that  may  be  safely  depended  upon  either  for  systematic 
instruction  or  for  reference." — Nature. 

BROWNE    (Walter    R.,    M.A.,    M.    Inst    CE., 

F.G.S.,  late  Fellow  of  Trinity  College,  Cambridge) : 

THE  STUDENTS  MECHANICS :  An  Introduction  to  the  Study 
of  Force  and  Motion.     With  Diagrams.     Crown  8vo.     Cloth,  4/6. 

"Qear  in  style  and  practical  in  method,  'Thb  Student's  Mechanics,'  is  cordblly 
Co  be  recommended  from  all  points  of  view.  .  .  .  Will  be  of  great  value  to  Students 
desirous  to  gain  full  knowledge. *'--i4M«iiuvwiw. 

"The  merits  of  the  work  are  especially  conspicuous  in  its  clearness  and  brevity  .  .  . 
deserves  the  attention  of  all  who  have  to  teach  or  learn  the  elements  of  Mechaaks. 
.    •    .    An  excellent  conception." — Westminster  Revirat, 

FOUNDATIONS   OF    MECHANICS. 


Papers  reprinted  from  the  Engineer,     In  crown  8vo,  l/. 


FUEL  AND    WATER:  A  Manual    for 

Users  of  Steam  and  Water.     By  Prof.   SchwackuQfer  and  W.  R. 
Browne,  M.A.    (See  p.  23.) 

BROUGH    (B.H.,    F.G.S.,    Instructor    of    Mine 

Surveying,  Roysd  School  of  Mines) : 

MINE  SURVEYING  (A  Text-Book  of):  for  the  Use  of  Managers 
of  Mines  and  Collieries,  Students  at  the  Royal  School  of  Mines,  City 
and  Guilds  of  London  Institute,  &c.  With  Illustrations.  Second  Editum. 
Crown  8vo,  cloth,  7/6. 

"  Supplies  a  long-felt  want."— />v/». 

"A  valuable  accessory  to  Surveyors  in  every  department  of  commercial  entefprite.** 
— Colliery  Guardian, 

"  The  information  is  given  in  a  concise  aaamtT.**—£ngiHeertng^, 

CRIMP    (W.    Santo,    A.  M.  Inst.  C.  E.,    F.G.S., 

Assistant- Engineer  to  the  London  County  Council) : 

SEWAGE  DISPOSAL  WORKS.  A  Guide  to  the  Construction  oi 
Works  for  the  Prevention  of  the  Pollution  of  Rivers  and  Estuaries.  With 
33  Lithographic  Plates,  Tables,  and  Illustrations  in  the  Text.  Medium 
8vo>  Cloth,  25/. 
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Medium  8vo,  HandsoTne  Cloth,  SOs. 

BRIDGE-CONSTRUCTION 

(A  PRACTICAL  TREATISE  ON) : 

Being  a  Text-Book  on  the  Design  and  Gonstrnction  of 
Bridges  in  Iron  and  Steel. 

FOR  THE  USE  OF  STUDENTS,  DRAUGHTSMEN,  AND  ENGINEERS. 

BY 

T.  CLAXTON  FIDLER,  M.  INST.  C.E. 
Tmut)  Ttumcroud  Tniloo2)cut6  ant)  17  Xftbograpbic  pIatC0» 


The  object  of  this  book  is  to  describe  the  modem  practice  of 
Bridge-Construction,  and  to  set  forth  in  the  simplest  language 
the  mechanical  principles  and  experimental  facts  on  which  it  is 
based.  The  design  and  arrangement  of  the  work  have  been 
dictated  by  a  desire  to  render  it  as  useful  as  possible,  not 
only  to  Engineers  or  Draughtsmen  who  may  be  engaged  in  the 
work  of  Bridge-Calculations  and  Bridge-Construction,  but  also 
to  Students.  With  this  object,  the  earlier  chapters  of  the  work 
are  devoted  to  a  simple  demonstration  of  those  mechanical 
principles  which  must  of  necessity  form  the  beginning  of  any 
study  of  the  subject,  and  which  are  more  fully  developed  and 
applied  in  later  portions  of  the  book. 

"Should  prove  not  only  an  indispensable  Hand-book  for  the  Practical  Engineer,  but  also 
a  stimulating  Treatise  to  the  Student  of  Mathematical  Mechanics  and  Elasticity." — Nature. 

"One  of  the  very  best  recent  wcrks  on  the  Strength  of  Materials  and  its  application 
to  Bridge-Construction.     .     ,    .     Well  repays  a  careful  study." — Engineering, 

**  Am  an  exposition  of  the  latest  advances  of  the  Science,  wc  are  glad  to  welcome  this 
urell-written  TrcMisc."^ A rcAi/eci. 

"A  Scientific  Treatise  of  great  merit,  which  cannot  but  prove  uscfixV*— jyes/minsfer 
Review. 

"Mr.  Fidler's  book  is  one  which  every  Student  of  Mechanics  ought  to  pos<>ess,  and 
which  merits,  as  it  will  receive,  the  appreciative  attention  of  all  practical  mtn"—ScctsfftaH. 


A  full  Prospectus  of  the  above  important  work  may  be 
had  on  application  to  the  Publishers. 


i6  CHARLES  QRIFFIN  ii  CO.'S  PUBLICATIONS. 


GURDEN   (Richard  Lloyd,  Authorised  Surveyor 

for  the  Governments  of  New  South  Wales  and  Victoria) : 

TRAVERSE  TABLES:  computed  to  Four  Places  Decimals  for  eraj 
Minute  of  Angle  up  to  lOO  of  Distance.  For  the  use  of  Surveyors  and 
Engineers.     Second  Edition.     Folio,  strongly  half-bound,  21/. 

%•  Published  with  Concurrence  of  the  Surveyors- General  for  New  SoMih 
Wales  and  Victories, 

**  Those  who  have  experience  in  exact  Survsy-work  wQl  best  know  how  to  appreaate 
the  enormous  amount  of  labour  represented  by  this  valuable  book.  The  computatioaa 
enable  the  user  to  ascertain  the  sines  and  cosines  for  a  distance  of  twelve  miles  to  withm 
half  an  inch,  and  this  by  reprrencb  to  but  Onb  Table,  in  place  of  the  usual  Fifteen 
minute  computations  required.  This  alone  is  evidence  of  the  assistance  which  the  TaUes 
<  nsure  to  every  user,  and  as  every  Surveyor  in  active  practice  has  felt  the  want  of  such 
asMstance,  few  knowing  of  their  publication  will  remain  without  them.** — Enfineer. 

"  We  cannot  sufficiently  admire  the  heroic  patience  of  the  author^  who,  in  order  to 
prevent  error,  calculated  each  result  by  two  diflerent  modes,  and,  before  the  work  was 
finally  placed  in  the  Printers'  hands,  repeated  the  operation  for  a  third  time,  on  revUac 
the  proofs.*' — EHginetring. 

JAMES   (W.    Powell,   M.A.): 

FROM  SOURCE  TO  SEA :  or.  Gleanings  about  Rivers  from  mnij 
Fields.    A  Chapter  in  Physical  Geography.     Cloth  elegant,  3/6. 

"  Excellent  reading  .  .  a  book  of  popular  science  which  deserves  an  extensirs 
circulation.  ** — Saturday  Review, 

JAMIESON   (Andrew,  C.E.,  F.R.S.E.,  Professor 

of  Engineering,  Glasgow  and  West  of  Scotland  Technical  College) : 

STEAM  AND  THE  STEAM  ENGINE  (A  Text-Book  on) :  SpedaDy 
arranged  for  the  use  of  Science  and  Art,  City  and  Guilds'  of  London 
Institute,  and  other  Engineering  Students.  With  200  Illustrations  and 
Four  Folding-Plates.     Fifth  Edition,     Crown  8vo.     Cloth,  7/6. 

**  The  BEST  BOOK  yet  published  for  the  use  of  Students/*— jEw^'nwrr. 

"  This  is  undoubtedly  the  most  valuable  and  most  complbtb  hand-book  of  reference 
on  the  subject  that  now  exists."— JZ/ir/M^  En^inter. 

1.  STEAM  AND  THE  STEAM  ENGINE  (An  Elementary  Manual 
on),  forming  an  introduction  to  the  larger  Work  by  the  same  Author. 
With  numerous  Illustrations  and  Examination  Questions  at  the  end  of 
each  Lecture.    Second  Edition,     Crown  8vo.     Cloth,  3/6. 

2.  MAGNETISM  AND  ELECTRICITY  (An  Elementary  Manual  on). 
With  numerous  Illustrations  and  Examination  Questions.  Crown  8vo. 
Part  I.— Magnetism,  is.  Part  II.— Voltaic  Electricity,  is.  6d.  Part  III. — 
Frictional  Electricity,  is.  6d.     Or  complete  in  Cloth,  3s.  6d. 

3.  APPLIED  MECHANICS  (An  Elementary  Manual  on).  With 
Diagrams  and  Examination  Questions.   Crown  8vo. 
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M'MILLAN  (W.  G.,  F.I.C.,  F.C.S.),  Chemist  and 

Metallurgist  to  the  Cossipore  Foundry  and  Shell-Factory,  Calcutta. 

ELECTRO-METALLURGY  (A  Treatise  on) :  Embracing  the  Appli- 
cation of  Electrolysis  to  the  Plating,  Depositing,  Smelting,  and  Refining 
of  various  Metals,  and  to  the  Repr(5uction  of  Printing  Surfaces  and  Art- 
Work,  &c.    With  numerous  Illustrations.    Large  Crown  8vb.    Cloth,  10/6. 

MUNRO    (John,   C.   E.)   and   JAMIESON 

(Andrew,  C.E.,  F.R.S.E.): 

A  POCKET-BOOK  OF  ELECTRICAL  RULES  AND  TABLES, 
for  the  use  of  Electricians  and  Engineers.  Pocket  Size.  Leather,  8/6. 
Sixth  Edition^  revised  and  enlarged.     With  numerous  Diagrams. 

•»*  The  Sixth  Edition  has  been  thoroughly  Revised  and  Enlarged 
by  about  120  pages  and  60  new  Figures. 


'WoNDRRFULLV  Pkrpect.    .    .    .    Worthy  of  the  highest  ( 
give  \\r— Electrician, 

"The  Stbklinc  Valub  of  Messrs.  Munko  and  Jamibsom's  Pockbt^Booil,**— 
Electrical  Review, 

MUNRO  (R.  D.).  STEAM  BOILERS:  Their 

Defects,  Management,  and  Construction.  A  Manual  for  all  conoemed 
in  the  care  of  Steam  Boiler^  but  written  with  a  special  view  to  the 
wants  of  Boiler-Attendants,  Mill-Mechanics,  and  other  Artisans.  With 
Numerous  Illustrations.     Crown  8vo,  Cloth  3/6. 

"  The  volume  is  a  valuable  companion  Tor  workmen  and  engineers  engaged  ahout 
Steam  Boilers,  and  ought  to  be  carefully  studied,  and  always  at  hand.  *— Colliery 
Guardian. 

"  The  subjects  referred  to  are  handled  in  a  trustworthy,  clear,  and  practical  manner. 
.  .  .  The  book  is  very  ush.fll,  especially  to  steam  users,  artisans,  and  young 
engineers." — Engineer. 

PHILLIPS  (J.  Arthur,  F.R.S.,M.  Inst.C.E.,F.C.S., 

F.G.S.,  Ancien  El^ve  de  I'Ecole  des  Mines,  Paris): 

ELEMENTS  OF  METALLURGY :  a  Practical  Treatise  on  the  Art 
of  Extracting  Metals  from  their  Ores.  With  over  200  Illustrations,  many 
of  which  have  been  reduced  from  Working  Drawings,  and  two  Folding- 
Plates.  Royal  8vo,  848  pages,  cloth,  36/.  NEW  EDITION  by  the 
Author  and  Mr,  H,  Bauerman,  F,G,S, 

General  Contents. 

I.— A  Trkatisb  on  Fuels  and  Refractory  Materials. 
II.— A  Description  of  the  principal  Minerals,  with  their  Distribution. 
III.— Statistics  of  the  amount  of  each  Metal  annually  produced  througfaoot  the 

World. 
IV.— The  Methods  of  Assaying  the  diflferent  Orbs,  together  with  the  Pxocbssbs 
of  Metallurgical  Treatment. 
" '  Elements  of  Metallurgy'  possesses  intrinsic  merits  of  the  highest  d^ree.    Such  a 
work  is  precisely  wanted  by  the  great  majority  of  students  and  practical  workers,  and  its 
very  compactness  is  in  itself  a  nrst-rate  recommendation.    ...     In  our  opinion,  the 
BEST  WORK  kVER  WRITTEN  ON  THE  SUBJECT  with  a  view  to  its  practical  treatment.''-^ 
lyestminster  Review. 

**  The  VALUE  OF  THIS  WORK  IS  ALMOST  iNBSTiMABLB.    There  Can  be  no  question  that 
the  amount  of  time  and  labour  bestowed  upon  it  is  enormous.    .    .    .    There  is  certainly 
00  Metallurgical  Treatise  in  the  language  calculated  to  prove  of  such  general  utility. 
'—MinittgJoumaL  

MANY     NOTABLE     ADDITIONS 

WILL  BB  FOUND  IN  THE  SECTIONS  DEVOTED  TO 

IRON,   LEAD,   COPPER,   SILVER,   AND   GOLD, 

Dealing  "Wtth  New  Proc9ist$  and  DtvHepmenL 
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Demy  8vo,  Edndsome  cloth,  ISa. 

Physical  Geology  and 
Paleontology, 

OJV  THE  BASIS  OF  PHILLIPS. 

BY 

HARRY    GOVIER    SEELEY,    F.R.S, 

PROFESSOR  OP  CBOGRAPHY  IN  KINC*S  COLXJBCB.  LONDON. 

tnitb  yrontf0pfece  in  CbromostXftbodrapbSr  anb  5[lu5tratioit& 


"  It  is  impossible  to  praise  too  highly  the  research  which  Professor  Seblet^ 
'Physical  Geology' evidences.  It  is  far  more  than  a  Text- book— 4t  is 
a  Directory  to  the  Student  in  prosecuting  his  researches." — hxtract  from  tki 
Presidential  Address  lo  the  Geological  Society^  1885,  by  Rev,  Professor  Bomm^ 
£>,Sc,,  LL,D,,  F,K.S. 

"  Professor  Seeley  maintains  in  his  •  Physical  Geology  '  the  high 
reputation  he  already  deservedly  bears  as  a  Teacher.  ...  It  is  diffi^tt, 
in  the  space  at  our  command,  to  do  fitting  justice  to  so  large  a  work.  .  .  • 
The  final  chapters,  which  are  replete  with  Interest,  deal  with  the  Biologica] 
aspect  of  PalaBontology.  Here  we  find  discussed  the  origin,  the  extinction, 
succession,  migration,  persistence,  distribution,  relation,  and  variation  of  species 
— with  other  considerations,  sudi  as  the  Identification  of  Strata  by  Fossils^ 
Ilomotaxis,  Local  Faunas,  Natural  History  Provinces,  and  the  relation  of 
Living  to  Extinct  forms."— Z>r.  Henry  Woodward^  F,R.S.,  in  the  "  Geol^pcal 
AfagazineJ*^ 

"  A  deeply  interesting  volume,  dealing  with  Physical  Geolc^y  as  a  whole, 
and  also  presenting  us  with  an  animated  summary  of  the  leading  doctrines  and 
facts  of  Palaeontology,  as  looked  at  from  a  modem  standpoint." — Scotsman, 

"  Professor  Seelev*s  work  includes  one  of  the  most  satisfactory  Treatises 
on  Lithology  in  the  English  language.  ...  So  much  that  is  not  accessible 
in  other  works  is  presented  in  this  volume,  that  no  Student  of  Geology  can 
afford  to  be  without  it." — American  /oumcil 0/  Engineering. 

•*  Geology  from  the  point  of  view  of  Evolution." — IVestminster  Review, 

*•  Professor  Seeley's  Physical  Geology  is  full  of  instructive  matter, 
whilst  the  philosophical  spirit  which  it  displays  will  charm  many  a  reader. 
From  early  days  the  author  gave  evidence  of  a  powerfiil  and  eminently  oiiginal 
genius.  No  one  has  shown  more  convincingly  than  the  author  that,  in  all 
wa3rs,  the  past  contains  within  itself  the  interpretation  of  the  existing  world." — 
Annals  0/  Natural  History, 
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Demy  8vo,  Handsome  cloth,  S4s, 

Stratigraphical  Geology 

AND  PALiEONTOLOGY, 

ON 

TKE   BASIS    OF  PHILLIPS. 


BY 


ROBERT    ETHERIDGE,    F.R.S, 

TMB  NATURAL  HIST.  DRPARTMBNT.  BRITISH  MUSEUM.  LATE  PALEONTOLOGIST  TO  T 

CBULOGICAL  SURVEY  OF  GREAT  BRITAIN.  PAST  PRESIDENT  OF  THE 

GEOLOGICAL  SOCIETY.  ETC. 

XQlitb  Aap,  flumeroud  XTablea,  ant)  XSbixt^^^ix  platca* 


''In  1854  Prof.  John  Morris  published  the  Second  Edition  of  his 'Catalogue 
of  British  Fossils,'  then  numbering  1,280  genera  and  4.000  species.  Since 
that  date  3,000  genera  and  nearly  12,000  new  species  have  been  described, 
thus  bringing  up  the  muster-roll  of  extinct  life  in  the  British  Islands  alone  to 
3,680  genera  and  16,000  known  and  described  species. 

"Numerous  TABLES  of  ORGANIC  REMAINS  have  been  prepared  and 
brought  down  to  1884,  embracing  the  accumulated  wealth  of  the  labours  of 
past  and  present  investigators  during  the  last  thirty  years.  Eleven  of  these 
Tables  contain  evenr  known  Britbh  genus,  zoologically  or  systematically  placed, 
with  the  number  of  species  in  each,  showing  their  broad  distribution  through 
time.  The  remaining  105  Tables  are  devoted  to  the  analysis,  relation, 
historical  value,  and  distribution  of  specific  life  through  each  group  of  strata. 
These  tabular  deductions,  as  well  as  tne  Palgeontological  Analyses  through  the 
text,  are,  for  the  first  time,  fully  prepared  for  English  students." — Extract  from 
Author's  Preface. 

%*  Prospectus  o/the  above  important  work—ferhaps  the  most  elaborate  of 
its  kind  ever  written,  and  one  calculated  to  give  a  new  strength  to  the  study 
of  Geology  in  Bt  itain^niay  be  had  on  application  to  the  Publishers, 


It  is  not  too  much  to  say  that  the  work  will  be  found  to  occupy  a  place 
entirely  its  own,  and  will  become  an  indispensable  guide  to  every  British 
Geologist.  

'*  N.)  such  compendium  of  geological  knowledge  has  ever  been  brought  together  before."— 
Westmiftster  Rrview. 

"  It  Prop.  Sreley's  volume  was  remarkable  for  its  originality  and  the  breadth  of  its  views, 
Mr.  Ethbridgs  fully  justifies  the  assertion  made  in  his  preface  that  his  book  differs  in  con- 
■tnsction  and  detail  from  any  known  manuaL    .    .    .    Must  take  high  bank  among  wokks 

OP  KSPSKKNCS.**— ^/AmMTMW. 
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SCIENTIFIC    MANUALS 

BY 

W,  J.  MACQUORN  RANKINE,  C.E.,  LLD.,  F.R.8., 

Late  Regius  Professor  of  Civil  Engineering  in  the  UniTersity  of  Glasgow. 

Thoroughly  Revised  by  W.  J.  MILLAR,  C.E., 

Secretary  to  the  Institute  of  Engineers  and  Shipbuilders  in  Scotland. 
In  Crown  8vo.    Cloth. 


(.  RANKINE  (Prof.):  APPLIED  MECHANICS: 

comprising  the  Principles  of  Statics  and  Cinematics,  and  Theory  of  Struc- 
tures, Mechanism,  and  Macliines.  With  numerous  Diagrams.  l\odfth 
Edition^  12/6. 

"  Cannot  fail  to  be  adopted  as  a  text-book.  .  .  .  The  whole  of  the  infiotmatiQii  is  ao 
admirably  arranged  that  there  is  every  facility  for  reference.** — Mining  youmoL 

IL  RANKINE  (Prof.):  CIVIL  ENGINEERING: 

comprising  Engineering  Surveys,  Earthwork,  Foundations,  Masoniy, 
Carpentry,  Metal-work,  Roads,  Railways,  Canals,  Rivers,  Watcr-worlu, 
Harbours,  &c  With  numerous  Tables  and  Illustrations.  SevenUemih 
Edition^  16/. 

"  Far  surpasses  in  merit  every  existing  work  of  the  kind.  As  a  manual  for  the  hands 
of  the  professional  Civil  Engineer  it  is  sufficient  and  unrivalled,  and  even  when  we  say 
this,  we  fall  short  of  that  high  appreciation  of  Dr.  Rankine's  labours  which  we  shodd 
like  to  express." — The  Sngituer, 

III.  RANKINE   (Prof.):    MACHINERY  AND 

MILLWORK:  comprising  the  Geometry,  Motions,  Work,  Strength, 
Construction,  and  Objects  of  Machines,  &c.  Illustrated  with  nearly  300 
Woodcuts.     Sixth  Edition,  1 2/6. 

"  Professor  Rankine's  '  Manual  of  Machinery  and  Millworic '  fully  maintains  the  \a^ 
reputation  which  he  enjoys  as  a  scientific  author :  higher  praise  it  is  difficult  to  award  to 
any  book.    It  cannot  fail  to  be  a  lantern  to  the  feet  of  every  engineer.  *—Th*  Engimttr, 

IV.  RANKINE    (Prof.):    THE    STEAM    EN- 

GINE  and  OTHER  PRIME  MOVERS.  With  Diagram  of  the 
Mechanical  Properties  of  Steam,  Folding- Plates,  numerous  Tables  and 
Illustrations.      Twelfth  Edition^  \zlt, 

V.  RANKINE    (Prof.):    USEFUL  RULES  and 

TABLES  for  Engineers  and  others.  With  Appendix:  Tables,  Tests, 
and  Formula  for  the  use  of  Electrical  Engineers;  comprising 
Submarine  Electrical  Engineering,  Electric  Lighting,  and  Transmission 
of  Power.    By  Andrew  J amieson, C. E.,  F.R.  S. E.    Seventh  Edition^  10/6. 

"Undoubtedly  the  most  useful  collection  of  enguieering  data  hitherto  produced.  — 
Mining  Jourrtal, 

"  Every  Electrician  will  consult  it  with  \fscSiX.**^EngiH*fring, 

VL    RANKINE    (Prof.):    A    MECHANICAL 

TEXT-BOOK,  by  Prof.  Macquorn  Rankine  and  E.  F.  Bambu, 
C.E.     With  numerous  Illustrations.      Third  Edition,  ^l, 

"  The  work,  as  a  whole,  is  very  complete,  and  likely  to  prove  invaluable  for  funusUog 
a  useful  and  reliable  outline  of  the  subjects  treated  olr—Mimng  JaumaL 
*«*  Thb  Mbchanical  Tbxt-Book  forms  a  simple  introduction  to  pROrsssoa  RAXKUnrt 
Sbxibs  of  Manuals  on  Enginbbring  and  Mbchamics. 
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Prof.  Rankinb's  Works— (CV>»/»>f««fl. 

VII.    RANKINE  (Prof.):   MISCELLANEOUS 

SCIENTIFIC  PAPERS.     Royal  8vo.     Cloth,  31/6. 

Part  I.  Papers  relating  to  Temperature,  Elasticity,  and  Expansion  of 
Vapours,  Liquids,  and  Solids.  Part  II.  Papers  on  Energy  and  its  Trans- 
formations.    Part  III.  Papers  on  Wave- Forms,  Propulsion  of  Vessels,  &c. 

With  Memoir  by  Professor  Tait,  M.  A.  Edited  by  W.  J.  Millar,  C.E. 
With  fine  Portrait  on  Steel,  Plates,  and  Diagrams. 

"  No  more  enduring  Memorial  of  Professor  Rankine  could  be  devised  than  the  publica- 
tion of  these  papers  in  an  accessible  form.  .  .  .  The  Collection  is  most  valuable  on 
account  of  the  nature  of  his  discoveries,  and  the  beautjr  and  completeness  of  his  analysis. 
.  .  .  The  Volume  exceeds  in  importance  any  work  in  the  same  department  published 
in  our  time." — Architect. 


Bj    SIE    EDWAED    EEED. 

Royal  8uo,  Handsome  Cloth,  258. 

THE    STABILITY    OF    SHIPS. 

BY 

SIR  EDWARD  J.   REED,   K.C.B.,  F.R.S.,   M.P., 

KNIGHT  OP    THB    IMPERIAL    ORDERS    OP    ST.   STANILAUS    OF    RUSSIA!    FRANCIS    JOSEPH    OT 
AUSTRIA  ;    MEDJIDIE    OF    TURKEY ;    AND    RISING    SUN    OF    JAPAN  ;    VICE- 
PRESIDENT  OP  THE  INSTITUTION  OF  NAVAL  ARCHITECTS. 

fVi/A  numerous  Illustraiions  and  Tables. 

This  work  has  been  written  for  the  purpose  of  placing  in  the  hands  of  Naval  Constructors* 
Shipbtiilders,  Officers  of  the  Royal  and  Mercantile  Marines,  and  all  Students  of  Naval  Science, 
a  complete  Treatise  upon  the  Stability  of  Ships,  and  is  the  only  work  in  the  English 
Lansniage  dealing  exhaustively  with  the  subject. 

llie  plan  upon  which  it  has  been  designed  is  that  of  deriving  the  fundamental  principles 
and  definitions  from  the  most  elementary  forms  of  floating  bodies,  so  that  they  may  be 
clearly  understood  without  the  aid  of  mathematics ;  advancing  thence  to  all  the  higher  and 
more  mathematical  developments  of  the  subject. 

The  work  also  embodies  a  very  full  account  of  the  historical  rise  and  progress  of  the 
Stability  question,  setting  forth  the  results  of  the  labours  of  BouGUSR,  Bernoulli,  Don 
Juan  d'Ulloa,  £ulbr.  Chapman,  and  Romme,  together  «dth  those  of  our  own  Coimtrymen, 
Atwooo,  Moseley,  and  a  number  of  others. 

The  modem  developments  of  the  subject,  both  home  and  forei^,  are  likewise  treated 
with  much  fulness,  and  brought  down  to  the  very  latest  date,  so  as  to  include  the  labours  not 
only  of  Dakgnies,  Reech  (whose  famous  Mimoire^  hitherto  a  sealed  book  to  the  majority 
of  English  naval  architects,  has  been  reproduced  in  the  present  workX  Risbec,  Fsrrantv, 
DupiN,  GuYou,  and  Daymard,  in  France,  but  also  those  of  Rankine,  Woolley,  Elgar» 
John.  White,  Gray,  Denny,  Inglis,  and  Benjamin,  in  Great  Britain. 

In  order  to  render  the  work  complete  for  the  purposes  of  the  Shipbuilder,  whether  at 
home  or  abroad,  the  Methods  of  Calculation  introduced  by  Mr.  F.  K.  Barnes.  Mr.  Gray, 
M.  Reech,  M.  Daymard,  and  Mr.  Benjamin,  are  all  given  separateljr,  illustrated  by 
Tables  and  woriced-out  examples.  The  book  contains  more  than  aoo  Diagrams,  and  is 
illustrated  by  a  large  number  of  actual  cases,  derived  from  ships  of  all  descriptions,  but 
especially  from  ships  of  the  Mercantile  Marine. 

The  work  will  thus  be  found  to  constitute  the  most  comprehensive  and  exhaustive  Treatise 
hitherto  presented  to  the  Profession  on  the  Science  of  the  Stability  of  Ships. 

"  Sir  Edward  Reed's  '  Stability  of  Ships  '  is  invaluable.  In  it  the  Student,  new 
to  the  subject,  will  find  the  path  prepared  for  htm,  and  all  difficulties  explained  with  the 
utmost  care  and  accuracy ;  the  Ship-draughtsman  will  find  all  the  methods  of  calculation  at 
present  in  use  fully  explained  and  illustrated,  and  accompanied  by  the  Tables  and  Forms 
employed ;  the  Shipowner  will  find  the  VHriations  in  the  Stability  of  Ships  due  to  diffisrences 
in  forms  and  dimensions  fully  discussed,  and  the  devices  by  which  the  state  of  his  ships  under 
ah  conditions  may  be  graphically  represented  and  easily  understood ;  the  Naval  Architect 
will  find  brought  together  and  ready  to  his  hand,  a  mass  of  information  which  he  would  other- 
wise have  to  seek  in  an  almost  endless  variety  of  publications,  and  some  of  which  he  would 
possibly  not  be  able  to  obtain  at  all  elsewhere."— iS/mmMi/. 
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Medium  8vo,  Handsome  cloth,  2S8. 

HYDRAULIC  POWER 

AND 

HYDRAULIC  MACHINERY. 


HENRY  ROBINSON,  M.  Inst.  C.E.,  F.G.S., 

VBLLOW  OP  king's  COLLBGB,  LONDON  ;  PROF.  OF  SURVEYING  AND  CIVIL  SNGINKKBIXC^ 

king's  collbgb,  etc.,  £TC. 

Tmub  numerous  Tniloo2)cut0,  and  43  Xitbo.  plated. 


GcNERAL  Contents. 


The  Flow  of  Water  under  Pressure. 

General  Observationsr 

Waterwheels. 

Turbines 

Centrifugal  Pumps. 

Water  pressure  Pumps. 

The  Accumulator. 

Hydraulic  Pumping-Engine. 

Three-Cylinder  Engines  and 

Capstans. 
Motors  with  Variable  Power. 
Hydraulic  Presses  and  Lifts. 
Moveable  Jigger  Hoist. 
Hydraulic  Waggon  Drop. 
The  Flow  of  Solids. 
Shop  Tools. 
Cranes. 

Hydraulic  Power  applied  to  Bridges. 
Dock-Gate  Machinery. 


Hydraulic  Coal-discharging 

Machines. 
Hydraulic  Machineiy  on  board 

Ship. 
Hydraulic  Pile  Driver. 
Hydraulic  Excavator. 
Hydraulic  Drill. 
Hydraulic  Brake. 
Hydraulic  Gun-Carriages. 
Jets. 

Hydraulic  Ram. 
Packing. 

Power  Co-operation. 
Cost  of  Hydraulic  Power. 
Tapping  Pressure  Mains. 
Meters. 

Waste  Water  Meter. 
Pressure  Reducing  Valves. 
Pressure  Regulator. 
-Inm. 


"  A  Book  of  great  Professional  Usefulness." 

A  full  Prospectus  of  the  above  important  work — giving  a  description  of  the 
Plates— may  be  had  on  application  to  the  Publishers. 


SClENTinO  AND  TBOHNICAL  WORKS.  aj 

ROBERTS-AUSTEN  (W.  C,  F.R.S.,  Professor 

of  Metallurgy,  Normal  School  of  Science  and  Royal  School  of  Mines; 
Chemist  and  Assayer  to  the  Royal  Mint,  &c). 

METALLURGY  (An  Introduction  to  the  Study  of).  With  numerous 
Tables  and  Illustrations.     Large  Crown  8vo.     Cloth. 

SCHWACKHOFER   and    BROWNE: 

FUEL  AND  WATER:  A  Manual  for  Users  of  Steam  and  Water. 
By  Prof.  FRANZ  SCHWACKHOFER  of  Vienna,  and  WALTER 
R.  BROWNE,  M.A.,  C.E.,  late  Fellow  of  Trinity  College,  Cambridge. 
Demj  8yo,  with  Numerous  Illustrations,  9/. 

"The  Section  on  Heat  is  one  of  the  best  and  most  lucid  ever  written.**— jE'MfMr^r. 
"  Contains  a  vast  amount  of  useful  knowledge.    .    .    .    Cannot  fail  to  be  Suable  to 
thousands  compelled  to  use  steam  power."— AriAMty  EngiMeer, 
'*  Its  practical  utility  is  beyond  question.**— JfiJWM^f  Journal. 

SEATON  (A.  E.,  Lecturer  on  Marine  Engineering 

at  the  Royal  Naval  College,  Greenwich,  and  Member  of  the  Institttte  of 
Naval  Architects) : 

A  MANUAL  OF  MARINE  ENGINEERING ;  Comprising  the 
Designing,  Construction,  and  Working  of  Marine  Machinery.  With 
numerous  Illustrations.  Ninth  Edition^  revised  cmd  in  part  rewritten* 
Demy  8vo.    Cloth,  18/. 


Opinions  of  the  Press. 

"  The  important  subject  of  Marine  Engineering  is  here  treated  with  the  thoroughness 
that  it  requires.  No  department  has  escaped  aUention.  .  .  •  Gives  the  results  of 
much  close  study  and  practical  work.**— ^n^xwvn'iv'* 

"  By  far  the  best  Manual  in  existence.  .  .  .  Gives  a  complete  account  of  the 
methods  of  solving,  with  the  utmost  possible  economy,  the  problems  before  the  Marine 
Engineer.'* — A  thnutum. 

"  In  the  three-fold  capacity  of  enabling  a  Student  to  learn  how  to  design,  construct, 
and  work  a  modem  Marine  Steam-Engine,  Mr.  Seaton's  Manual  has  no  rival." — Times. 

"The  Student,  Draughtsman,  and  Engineer  will  find  this  work  the  most  valuable 
Handbook  of  Reference  on  the  Marine  Engine  now  in  existence."- ^Arr»^  Et^gmser. 

SHELTON-BEY  (W.  Vincent,  Foreman  to  the 

Imperial  Ottoman  Gun  Factories,  Constantinople) : 

THE  MECHANIC'S  GUIDE :  A  Hand-Book  for  Engineers  and 
Artizans.  With  Copious  Tables  and  Valuable  Recipes  for  Practical  Use. 
Illustrated.    Second  Edition,    Crown  8vo.     Cloth,  7/6. 

"  The  Mbchanic*s  Guidb  will  answer  its  purpose  as  completely  as  a  whole  aeries  of 
elaborate  text-books."— JZ/ffm^  Journal 
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TRAILL   (Thomas  W.,   F.E.R.N.,    M.InstCE., 

Engineer- Surveyor- in-Chief  to  the  Board  of  Trade) : 

BOILERS:  THEIR  CONSTRUCTION  AND  STRENGTH.  A 
Handbook  of  Rules,  FormuUe,  and  Tables  for  the  Construction  of  Boilers; 
Safety- Valves ;  Material  for  Boilers ;  Tables  of  Areas,  &c.  Anansjed 
for  the  Use  of  Steam- Users.  Second  Edition^  Revised  and  £nlai|;ed. 
Pocket-Size,  Leather,  I2s.;  also  for  Office-Use,  Cloth,  12s. 

%*  In  the  New  Issue  the  subject  matter  has  been  considerably  extended ;  Tables 
have  been  added  for  Pressures  up  to  300  lb.  per  square  inch,  and  some  of  the  Tables 
have  been  altered,  besides  which  r.ew  ones  and  other  matter  have  been  introduced, 
which  have  been  specially  prepared  and  computed  for  the  Second  Edition. 

''Contains  an  enormous  quantity  of  information- -to  be  had  nowhere  else— arranged 
in  a  very  couvenient  form.  It  is  admirably  printed,  and  reflects  c  edit  on  the  Pablishen.* 
Engineer. 

"  Will  prdve  a  welcome  and  valuable  addition  to  the  literature  of  the  subject.  .  .  . 
We  can  strongly  recommend  Mr.  Traill's  book  as  being  the  most  complete,  emineotly 
practical,  and  most  recent  work  on  Boilers."— A/an>r  Engineer. 

"  Will  prove  invaluadlb  to  the  Engineer  and  Practical  Boiler-maker.*— /^fMrfnco/ 
Ef^neer. 


WRIGHT  (C.  R.  ALDER,  D.Sc,  F.R.S.,  Lee- 

turer  on  Chemistry  and  Physics  in  St.  Mary's  Hospital  Medical  School). 

THE  THRESHOLD  OF  SCIENCE:  Simple  and  Amusing  Experi- 
ments illustrating  some  of  the  Chief  Physical  and  Chemical  Properties  of 
Surrounding  Objects  and  the  Effect  upon  them  of  Light  and  Heat.  With 
very  numerous  Illustrations.  Large  Crown  8vo,  Handsome  Qoth,  6/.; 
also  Presentation  Edition,  gilt  and  gilt  edges,  7/6. 

*J*  In  this  work  the  object  aimed  at  is  to  provide  a  kind  of  "  Playbook/* 
which  in  addition  to  affording  the  means  of  amusement,  shall  also  to  sonie 
extent  tend  in  the  direction  of  the  course  of  mental  education  advocatetl 
by  the  British  Association  Committee;  so  that  whilst  the  young  philosopher 
finds  pastime  and  entertainment  in  constructing  simple  apparatus  and 
preparing  elementary  experiments,  he  may  at  the  same  time  be  led  to 
observe  correctly  what  happens,  to  draw  inferences,  and  make  deductions 
therefrom. 


YEAR-BOOK  OF  THE  SCIENTIFIC  AND 

LEARNED  SOCIETIES  OF  GREAT  BRITAIN  AND  IRELAND. 
Compiled  from  Official  Sources,  and  giving,  besides  other  necessar)- 
Official  Information,  Complete  Lists  of  the  PAPERS  read  during  1889 
before  all  the  leading  Societies  in  every  Department  of  Science  throughout 
the  Kingdom.     Seventh  Annual  Issue.     Cloth,  7/6. 

"It  goes  almost  without  saying  that  a  handbook  of  this  subject  would  be  in  time  one 
of  THE  MOST  gbnbrai.lv  usrful  wqrk.s  for  the  library  or  the  desk." — Times. 

"As  A  Book  of  Rrfekbncb  we  have  ever  found  it  trustworthy.  The  value 
of  the  Lists  of  Papers  can  hardly  be  overrated."— ^/i/kv/. 

*♦*  Copies  of  the  previous  Issues  from  1SS4  may  s.'ill  te  had. 


EDUCATIONAL  WORKS. 


EDUCATIONAL   WORKS. 


•^j*  Specimen   Co^es  of  all  the  Educational  Works  published  by  Messrs, 
Charles  Griffin  and  Company  may  be  seen  at  the  Libraries  of  the  Collet^e  of 
Preceptors^  South  Kensinfrton  Museum,  and  Crystal  Palace;  also  at  the  depSts 
tf/  the  Chief  Educational  Societies. 


BRYCE   (Archibald    Hamilton,    D.C.L.,    LL.D., 

Senior  Classical  Moderator  in  the  University  of  Dublin) : 

THE  WORKS  OF  VIRGIL.  Text  from  Heynb  and  Wagner. 
English  Notes,  original,  and  selected  from  the  leading  German  and 
English  Commentators.  Illustrations  from  the  antique.  Complete  in 
One  Volume.     Fourteenth  Edition.     Fcap  8vo.     Cloth,  6/. 

Or,  in  Three  Parts : 

Part     I.  Bucolics  and  Georgics,  .        .  2/6. 

Part   II.  The  ^Eneid,  Books  I.-VI.,       ,  2/6. 

Part  III.  The  ^Eneid,  Books  VII.-XII.,.  2/6. 

"Contains  the  pith  of  what  has  be«n  written  bv  the  best  scholars  on  die  subject. 
•    .    .    The  notes  comprise  everything  that  the  student  can  want." — Athttutum. 

"  The  most  complete,  as  well  as  elegant  and  correct  edition  of  Virgil  ever  published  io 
this  country,'*— £/iticaiiaHa/  Times. 

"The  best  commentary  on  Virgil  which  a  student  can  obtain."— kSV^/xxwoi*. 

COBBETT  (William):  ENGLISH  GRAMMAR, 

in  a  Series  of  Letters,  intended  for  the  use  of  Schools  and  Young  Persons 
in  general.  With  an  additional  chapter  on  Pronunciation,  by  the  Author's 
Son,  Tames  Paul  Cobbett.  2  he  only  correct  and  authorised  Edition^ 
Fcap  8vo.     Cloth,  1/6. 

"A  new  smd  cheapened  edition  of  that  most  excellent  of  all  English  Grammars, 
William  Cobbett's.  It  contains  new  copyright  matter,  as  well  as  includes  the  equallsr 
amusing  and  instructive '  Six  Lessons  intended  to  prevent  Statesmen  from  writing  in  an 
awkward  manner.'" — Atlas, 

COBBETT  (William):  FRENCH  GRAMMAR. 

Fifteenth  Edition.     Fcap  8vo.    Cloth,  3/6. 

"Cobbett's  'French  Grammar '  comes  out  with  perennial  freshness.  There  are  few 
grammars  equal  to  it  for  those  who  are  learning,  or  acsirous  of  learning,  French  without 
a  teacher.  The  work  is  excellently  arranged,  and  in  the  present  edition  we  note  certaio 
cafefiil  and  wise  revisions  of  the  text.** — School  Board  Chronicl*. 

"  Business  men  commencing  the  study  of  French  will  find  this  treatise  one  of  the  best 
aids.    .    .    .    It  is  lai|(ely  UMd  on  the  Continent."— J/m^^^Smm/  Countus  Herald, 

COBBIN'S   MANGNALL:  MANGNALL'S 

HISTORICAL  AND  MISCELLANEOUS  QUESTIONS,  for  the  use 
of  Young  People.  By  Richmal  Mangnall.  Greatly  enlarged  and 
corrected,  and  continued  to  the  present  time^  by  Ingram  Cobbin,  M.  A. 
Fiffy  fourth  Thousands    New  Illustrated  Edition.     l2mo.     Cloth,  4/. 
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COLERIDGE    (Samuel    Taylor):    A    DISSER- 

TATION  ON  THE  SCIENCE  OF  METHOD.  {Emyclop^dU 
MetropolUana.)    With  a  Synopsis.    Ninth  EditiotK     Cr.  8vo.     Clodi,  a/. 

CRAIK'S   ENGLISH   LITERATURE. 
A    COMPENDIOUS     HISTORY     OF 

ENGLISH  LITERATURE  AND  OF  THE  ENGLISH  LANGUAGE 
FROM  THE  NORMAN  CONQUEST.  With  numerous  Spedmcni. 
By  George  Lillie  Craik,  LL.D.,  late  Professor  of  History  aand 
English  Literature,  Queen's  College,  Belfast.  New  Edition,  In  two 
vob.    Royal  8vo.     Handsomely  bound  in  cloth,  25/. 

-GENERAL    CONTENTS. 
Introductory. 
L — The  Norman  PERiOD^The  Conouest. 
II. — Second  English— Commonly  called  Semi-Sazon« 
III.— Third  English— Mixed,  or  Compound  English. 
IV. — Middle  and  Latter  Part  of  the  Seventeenth  Century. 
V. — The  Century  between  the  English  Revolution  and 
THE  French  Revolution. 
VL— The  Latter  Part  of  the  Eighteenth  Century. 
VII.— The  Nineteenth  Century  (a)  The  Last  Age  op  the 

Georges. 
(^)  The  Victorian  Age. 
With  numerous  Excerpts  and  Specimens  of  Style, 

"Anyone  who  will  take  the  trouble  to  ascertain  the  fact,  will  find  ho«r oompleleiy 
even  our  great  poets  and  other  writers  of  the  last  generation  have  abeady  faded  fron  ilie 
view  of  the  present,  with  the  most  numerous  class  of  the  educated  and  reading  public 
Scarcely  anything  is  generally  read  except  the  publications  of  the  day.    Ykt  motmikc 

IS  MORE  CERTAIN  THAN  THAT  NO  TRUE  CULTIVATION  CAN  BB  SO  ACQtnKBD.      TluS  IS 

Che  extreme  case  of  that  entire  ignorance  of  history  which  has  been  afltrmed,  not  with 
more  point  than  truth,  to  leave  a  person  always  a  chikL  .  .  .  The  proeat  woric 
combines  the  History  op  the  Literature  with  the  History  op  the  Lancuack. 
The  scheme  of  the  course  and  revolutions  of  the  language  which  is  foUoiwed  here  is 
extremely  simple,  and  resting  not  upon  arbitrary,  but  upon  natural  or  real  distinctioos, 
gives  us  the  only  view  of  the  subject  that  can  claim  to  be  regarded  as  of  a  tcicDtific 
character." — Extract  from  the  Authot'i  Pre/ace. 

**  Professor  Craik  has  succeeded  in  making  a  book  more  than  usually  agrecafalei.*— 
The  Tiff  US' 

CRAIK  (Prof.):  A  MANUAL  OF  ENGLISH 

LITERATURE,  for  the  use  of  Colleges,  Schools,  and  Civil  Service 
Examinations.  Selected  from  the  larger  work,  by  Dr.  Craek.  Tenth 
Edition,  With  an  Additional  Section  on  Recent  Literatare,  by  Henry 
Craik,  M.  A.,  Author  of  "  A  Life  of  Swift."    Ciown  8vo.     Cloth,  7/6. 

"A  Manual  of  English  Literature  from  so  experienced  and  well-read  a  scholar  as 
Professor  Craik  needs  no  other  recommendation  than  the  mention  of  its  esjsteaoe.*'— 
S/eciator. 

**  This  augmented  effort  will,  we  doubt  not,  be  received  with  decided  approbatioD 
by  those  who  are  entitled  to  judge,  and  studied  with  much  profit  bv  those  who  waat 
to  learn.  ...  If  our  young  readers  will  give  healthy  perusal  to  Dr.  Oaik'a  woi^ 
thev  will  greatly  benefit  by  the  wule  and  souid  views  he  has  placed  before  them."*— 
AtAeM4ruttt. 

"  The  preparation  of  the  New  Jssvk  has  been  entrusted  to  Mr.  HoNinr  Cbaik, 
Secreury  to  the  Scotch  Education  Department,  and  well  known  in  literary  drdes 
as  the  author  of  the  latest  and  best  Life  of  Su-ilt  ...  A  Series  of  TasrOtiaSTiOKS 
u  added,  which  must  prove  of  great  service  to  StudcBti  stndyiiv  tkntr^itugum 
Hcraltt, 
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WORKS  BY  REV.  C.  T.  CRUTTWELL,  M.A, 

Late  Fellow  of  Merton  College,  Oxford. 

I._A     HISTORY    OF     ROMAN     LITERA- 

TURE :  From  the  Earliest  Period  to  the  Times  of  the  Antonines.  Fourth 
Edition,     Crown  8vo.     Cloth,  8/6. 

"  Mr.  Ckuttwkll  has  dane  a  real  service  to  all  Students  of  the  Latin  Language  and 
Literature.    .    .     .     Full  of  good  scholarship  and  good  criticism. ">-^/^«<r«M. 

"A  roost  serviceable— indeed,  indispen.<iable — ^guide  for  the  Student  .  .  .  The 
'general  reader'  will  be  both  charmed  and  instructed."— &>/wr.(/ar  Review. 

**  The  Author  undertakes  to  make  Latin  Literature  interesting,  and  he  has  succeeded. 
There  is  not  a  dull  page  in  the  volume."— Academy. 

**  The  great  merit  of  the  work  is  its  fulness  and  accuracy.**— ^iiMn/iVt«. 

*'  This  elaborate  and  careful  work,  in  every  respect  of  high  merit.  Nothing  at  all 
equal  to  it  has  hitherto  been  published  in  England.  -^rr/ilrA  Quarterly  Review. 

Companion  Volume,     Second  Edition, 

II.— SPECIMENS    OF     ROMAN     LITERA- 

TURE :  From  the  Earliest  Period  to  the  Times  of  the  Antonines.  Passages 
from  the  Works  of  Latin  Authors,  Prose  Writers,  and  Poets  : 

Part  I.— Roman  Thought:   Religion,   Philosophy  and  Science^ 

Art  and  Letters,  6/. 
Part  II.— Roman  Style  :  Descriptive,  Rhetorical,  and  Humorous 
Passages,  5/. 

Or  in  One  Volume  complete,  10/6. 
Edited  by  C.  T.  Cruttwell,  M.A.,  Merton  College,   Oxford;  and 
Peake  Banton,  M.  a.,  some  time  Scholar  of  Jesus  College,  Oxford. 

'"Specimens  of  Roman  Literature'  marks  a  new  era  in  the  study  of  Latin.**—- 
Bnglisk  Churchman, 

*^A  work  which  is  not  only  useful  but  necessary.  .  .  ,  The  plan  gives  it  a  standing* 
ground  of  its  own.  .  .  .  The  sound  judgment  exercised  in  plan  and  selection  calls 
lor  hearty  commendation." — Satuntay  lieview. 

"  It  is  hard  to  conceive  a  completer  or  handier  repertory  of  specimens  of  Latin 
thought  and  ityle.'*— Contemporary  Review. 

•  *  KEY  to  Part  IL,  Period  II.  (being  a  complete  Translation 
of  the  85  Passages  composing  the  Section),  by  Thos.  Johnston,  M.A., 
may  now  be  had  (by  Tutors  and  Schoolmasters  only)  on  application 
to  the  Publishers.     Price  2/6. 

III.— A  HISTORY  OF  EARLY  CHRISTIAN 

LITERATURE.  For  the  use  of  Students  and  General  Readers.  8vo, 
Handsome  Cloth.  [/« Preparation, 

C  U  R  R I  E      (Joseph,    formerly    Head    Classical 

Master  of  Glasgow  Academy) : 

THE    WORKS  OF  HORACE:    Text  from  Orellius.      English 
Notes,  original,  and  selected  from  the  best  Commentators.     Illustrations 
from  the  antique.     Complete  in  One  Volume.     Fcap  Sva     Cloth,  5/. 
Or  in  Two  Parts  : 

Part   I.— Carmina, 3/. 

Part  II. — Satires  and  Epistles,       ,        .    3/. 

"The  notes  are  excellent  and  exhaiutive/'— ^»ar/rr^  youmal 0/ Education, 

EXTRACTS  FROM  CAESAR'S   COM- 

MENTARIES ;  containing  his  description  of  Gaul,  Britain,  and  Germany. 
"With  Notes,  Vocabulary,  &c.  Adapted  for  Young  Scholars,  l-ourtk 
Edition,     l8mo.     Cloth,  1/6. 
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DOERING      (E.)     AND      GRAEME     (E.) : 

HELLAS  :  AN  INTRODUCTION  TO  GREEK  ANTIQUITIES, 
comprising  the  Geography,  Religion,  and  Myths,  History,  Art,  and 
Culture  of  Old  Greece.  On  the  basis  of  the  German  work  by  E. 
Doering,  with  additions  by  Elliott  Graeme.  In  large  8vo,  with  Map 
and  Illustrations. 

Part  I.— The  Land  and  the  People:  the  Religion  and  Myths  of  Old 
Greece. 

*•*_  In  the  English  version  of  Mr.  Docrine's  work,  the  simple  and  interesting;  style  of 
the  original— written  for  young  Students— has  been  retained ;  but,  throughout,  sudi 
additions  and  emendations  have  been  made,  as  render  the  work  suitable  for  mofe 
advanced  Students,  and  for  all  who  desire  to  obtain,  within  moderate  compass,  more 
than  a  superficial  acquaintance  with  the  great  People  whose  genius  and  culture  have  so 
lai^cly  influenced  our  own.  The  results  of  the  latest  researches  by  Dr.  Schubuaxs, 
MM.  FouQUc,  Carapanos,  and  others,  are  incorporated. 

D'ORSEY     (Rev.     Alex.    J.    D.,    B.D.,    Corpus 

Christi  Coll.,  Cambridge,  Lecturer  at  King's  College,  London) : 

SPELLING  BY  DICTATION:  Progressive  Exercises  in  English 
Orthography,  for  Schools  and  Civil  Service  Examinations.  SixUaUk 
Thousand.     i8mO.     Cloth,  i/. 

FLEMING    (William,    D.D.,    late    Professor    of 

Moral  Philosophy  in  the  University  of  Glasgow) : 

THE  VOCABULARY  OF  PHILOSOPHY:  Psvchologicai, 
Ethical,  and  Metaphysical.  With  Quotations  and  References  for  the 
Use  of  Students.  Revised  and  Edited  by  Henry  Calderwood,  LL.D., 
Professor  of  Moral  Philosophy  in  the  University  of  Edinbmgh.  Fomik 
Edition^  enlarged.     Crown  8vo.     Cloth,  10/6, 

"  The  additions  b/  the  Editor  bear  in  their  clear,  concise,  ▼igorous  cxpreasica,  t&e 
stamp  of  his  powerful  intellect,  and  thorough  command  of  our  language.  More  than 
ever,  the  work  is  now  likely  to  have  a  prolonged  and  useful  existence,  and  to  f»r«*'**^^ 
the  researches  of  those  entering  upon  philosophic  studies." — Weekly  Revinb, 

JEVONS  (Frank  B.,  M.A.,  University  of  Durham, 

sometime  Scholar  of  Wadham  College,  Oxford) : 

A  HISTORY  OF  GREEK  LITERATURE,  from  the  Earliest  Times 
to  the  Death  of  Demosthenes.    Second  Edition.    Crown  Sva    Cloth,  8/6, 

"  It  is  beyond  all  question  the  best  history  of  Greek  literature  that  has  hitherto 
been  published." — Spectator. 

"  An  admirable  text-book." — JVesimmster  Review. 

*'  Mr.  Jcvons'  work  supplies  a  real  want."-  Contemporary  Review. 

"Mr.  Jevons'  work  is  distinguished  by  the  Authors  thorough  acquaintakcb  whh 

THE  OLD  WRITERS,  and  his  DISCRIMINATING  USB  of  the   MODERN    LITKKAT17RB  beartDg 

upon  the  subject.  .  .  .  His  great  merit  lies  in  his  excellent  bxi'OSItion  of  the 
POLITICAL  AND  SOCIAL  CAUSES  conccmed  in  the  development  of  the  Literature  of  Greece." 
—Berlin  Phihlo^ische  Wochcfisckrift. 

"  As  a  Text- Book,. Mr.  Jevons'.  work  from  its  exceUence  deserres  to  skxvb  as  a 
^xoniaJ'—Deutscke  LiiteraiurzeiiuHg. 


-AND   DR.   O.   SCHRADER: 


THE     PREHISTORIC    ANTIQUITIES    OF     THE     ARYAN 
PEOPLES  (See  p.  30). 
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McBURNEY     (Isaiah,     LL.D.,) :     EXTRACTS 

FROM  OVID*S  METAMORPHOSES.     With  Notes,  Vocabulary,  &c. 
Adapted  for  Young  Scholars.     Third  Edition,     iSmo.     Cloth,  i/di 

MENTAL  SCIENCE:  S.   T.    COLERIDGE'S 

celebrated  Essay  on  METHOD ;  Archbishop  Whately's  Treatises  on 
Logic  and  Rhetoric.      Tenth  Edition,     Crown  8vo.     Cloth,  5/. 

MILLER   (W.  Galbraith,   M.A.,  LL.B.,   Lecturer 

on  Public  Law,  including  Jurisprudence  and  International  Law,  in  the 
University  of  Glasgow) : 

THE  PHILOSOPHY  OF  LAW,  LECTURES  ON.'  Designed 
mainly  as  an  Introduction  to  the  Study  of  International  Law.  In  8vo. 
Handsome  Cloth,  12/.     Now  Ready, 

"Mr.  Miller's  'Philosophy  or  Law'  bears  upon  it  the  stamp  of  a  wide  culture 
and  of  an  easy  acquaintanceship  with  what  is  best  in  modern  continental  speculation. 
...    Interesting  and  valuable,  because  suggestive. ''—y^MfTM/^Twm/niM^ctf. 


WORKS  BY  WILLIAM  RAMSAY,  M.A„ 

Trinity  College,  Cambridge,  late  Proressor  of  Humanity  in  the  University  of  Glasgow. 


A  MANUAL   OF    ROMAN   ANTIQUITIES. 

For  the  use  of  Advanced  Students.     With  Map,  130  Engravings,  and  very 
copious  Index.     Fourteenth  Edition,     Crown  8vo.     Cloth,  8/6. 

"  Comprises  all  the  results  of  modem  improved  scholarship  within  a  moderate  oom- 
pass.  **~^A  thetutum, 

AN     ELEMENTARY    MANUAL    OF 

ROMAN  ANTIQUITIES,   Adapted  for  Junior  Classes.   With  numerous 
Illustrations.     Eighth  Edition,     Crown  8vo.     Cloth,  4/. 

A  MANUAL  OF  LATIN  PROSODY, 

Illustrated  by  Copious  Examples  and  Critical  Remarks.     For  the  use 
of  Advanced  Students.     Seventh  Edition,     Crown  8 vo.     Cloth,  5/. 
"  There  is  no  other  work  on  the  subject  worthy  to  compete  with  ll.'*^Atketutttm, 


AN    ELEMENTARY    MANUAL  OF 

LATIN  PROSODY.  Adapted  for  Junior  Classes.  Crown  8vo.  Cloth,  2s. 
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THE  SCHOOL  BOARD  READERS: 

A  Series  of  Standard  Reading-Books. 

EDITED    BY  A  FORMER  H.M.    INSPECTOR  OF  SCHOOLS. 

Adopted  by  many  School  Boards  throughout  the  Country^ 


Elementary  Reader,  Part  I.,  id. 

Standard  I.,  .        .        .        4d. 
„      II.,.        .        .        6d. 


Standard  III.,        .        .  9d. 

„        IV.,  .         IS.  od. 

„  v.,        .         ,         1$.  6cL 

VI.,  .  .  2S.0d. 

Key  to  the  Questions  in  Arithmetic  in  2  Parts,  each  6d. 
Thb  Books  generally  are  very  much  what  we  should  dksikb.** — Times 
The  Series  is  oscidkdlyonb  of  the  best  that  have  yet  appeared.* — Athnutwm. 


THE  SCHOOL  BOARD  MANUALS 

On  the  Specific  Subjects  of  the  Revised  Code, 

BY   A   FORMER   H.M,    INSPECTOR   OF  SCHOOLS* 

Editor  of  the  "  School  Board  Readers/* 

64  pages,  stiff  wrapper,  td,  ;  neat  cloth,  ^d,  each. 

I.— ALGEBRA.  V.— ANIMAL     PHYSIOLOGY.      (H'eD 

II.~ENGLISH  HISTORY.  Illustrated  with  eood  Engiavmgi.  j 

III.-GEOGRAPHY  VI.-BIBLE    HIbTORY.      (Entirely  five 

IV.-PHYSICAL  GEOGRAPHY.  from  any  Denominadonal  bias.) 


SCHRADER  (Dr.  O.)  and  JEVONS  (F.  B.,  M.A.): 

THE  PREHISTORIC  ANTIQUITIES  OP  THE  ARYAN 
PEOPLES:  Translated  from  the  Second  German  Edition  by 
F.  B.  Jevons,  M.  A.,  author  of  **^  History  of  Greek  Literature*'  Demy 
8vo.     Handsome  cloth,  gilt  top,  21/, 

%*  The  Publishers  have  pleasure  in  announcing  that  to  the  English  Translation  of 
Dr.  Schroder's  well-known  **  Sfimchvergleichunz  tind  Ureesthichie  "—a  wx>rk  which 
commends  itself  alike  to  the  Scholar  by  its  thoroughness  and  the  moderation  of  iu  tour, 
and  to  the  General  Reader  by  its  clear  and  interesting  style -an  Intkool'CTIOX  is 
furnished  by  the  Author. 

SENIOR  (Nassau  William,  M.A.,  late  Professor 

of  Political  Economy  in  the  University  of  Oxford): 

A  TREATISE  ON  POLITICAL  ECONOMY:  the  Science  which 
treats  of  the  Nature,  the  Production,  and  the  Distribution  of  Wealth. 
Sixth  Edition.     Crown  8vo.     Cloth.     {Encyclopadia  Metropolitana)^  4/. 

THOMSON  (James):   THE  SEASONS.    With 

an  Introduction  and  Notes  by  Robert  Bell,  Editor  of  the  "Annotated 
Series  of  British  Poets."     Third  Edition,     Fcap  8vo.     Cloth,  1/6. 
"  An  admirable  introduction  to  the  study  of  our  English  dasacs.'* 

WHATELY  (Archbishop):  LOGIC— A  Treatise 

on.     With  Synopsis  and  Index.     {Encyclopadia  Metropolitana\  3/. 

RHETORIC— A    Treatise    on.       With 


Synopsis  and  Index.     (Encyclopadia  Metropolitana)^  3/6. 
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WORKS   IN   GENERAL  LITERATURE. 


BELL  (Robert,  Editor  of  the  "Annotated  Series  of 

British  Poets  **) : 

GOLDEN  LEAVES  FROM  THE  WORKS  OF  THE  POETS 
AND  PAINTERS.  Illustrated  by  Sixty-four  superb  Engravings  on 
Steel,  after  Paintings  by  David  Roberts,  Stanfield,  Leslie,  Sto- 
THARD,  Haydon,  Cattermole,  Nasmyth,  Sir  Thomas  Lawrence, 
and  many  others,  and  engraved  in  the  first  style  of  Art  by  Fin  den, 
Greatbach,  LlGHTFOOT,  &c.     Second  Edition,    4to.     Cloth  gilt,  21/. 

*' '  Golden  Leaves'  is  by  far  the  most  important  book  of  the  season.  The  Illustrations 
are  really  works  of  art,  and  the  volume  does  credit  to  the  arts  of  England." — Saturday 
Rtview. 

"The  Poems  arc  selected  with  taste  and  judgment/*— 7'/iw«. 

"The  engravings  are  from  drawings  by  Stothard,  Newton,  Danby,  Leslie,  and 
Turner,  and  it  is  needless  to  say  how  charming  are  many  of  the  above  here  given."— 
Athenaum. 


THE  WORKS  OF  WILLIAM  COBBETT. 
r//£  OHU  AUTHORISED  EDITIONS. 

COBBETT  (William)  :   ADVICE  TO  YOUNG 

Men  and  (incidentally)  to  Young  Women,  in  the  Middle  and  Higher 
Ranks  of  Life.  In  a  Series  of  Letters  addressed  to  a  Youth,  a  Bachelor, 
a  Lover,  a  Husband,  a  Father,  a  Citizen,  and  a  Subject.  New  Edition, 
With  admirable  Portrait  on  Steel.     Fcap  8vo.     Cloth,  2/6. 

"Cobbett's  great  qualities  were  immense  vigour,  resource,  energy,  and  courage, 
joined  to  a  force  of  understanding,  a  degree  of  logical  power,  and  above  all  a  force  of 
expression,  which  have  rarely  been  equalled.  .  .  .  He  was  the  most  £nglish  of 
Esig\\shmtXk,**^SatMrday  Keview, 

"With  all  his  fiiults,  Cobbett's  style  is  a  continual  refreshment  to  the  lover  of 
'  English  undefiled.'  "^PaU  Matt  GasetU. 

COTTAGE  ECONOMY:   Containing 

information  relative  to  the  Brewing  of  Beer,  Making  of  Bread,  Keeping  of 
Cows,  Pigs,  Bees,  Poultry,  &c.  ;  and  relative  to  other  matters  deemed 
nscful  in  conducting  the  affairs  of  a  Poor  Man's  Family.  Eighteenth 
Edition^  revised  by  Sie  Author's  Son.     Fcap  8vo.     Cloth,  2/6. 
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William  Cobbett's  VJokks— (Continued), 

COBBETT(Wm.):  EDUCATIONAL  WORKS. 

(See  page  25.) 

A   LEGACY  TO   LABOURERS:    An 


Argument  showing  the  Right  of  the  Poor  to  Relief  from  the  Land.  With 
a  Preface  by  the  Author's  Son,  John  M.  Cobbett,  late  M.P.  for  Oldham. 
New  Edition,     Fcap  8vo.     Cloth,  i/6. 

"  The  book  cannot  be  too  much  studied  jusi  now." — Noruonformht. 

"  Cobbett  was.  perhaps,  the  ablest  Political  writer  England  ever  produced,  and  his 
influence  as  a  Liberal  thinker  is  felt  to  this  day.  .  .  .  It  is  a  real  treat  to  read  his 
strong  racy  language."— /'w^/ic  Opinion. 

A  LEGACY  TO  PARSONS  :  Or,  have  the 

Clergy  of  the  Established  Church  an  Equitable  Right  to  Tithes  and 
Church  Property  ?    New  Edition,     Fcap  8vo.     Cloth,  i/6. 

"The  most  powerful' work  of  the  greatest  master  of  political  controversy  this  country 
has  ever  produced." — Pall  Mall  Gazette, 

DALGAIRNS    (Mrs.):  THE  PRACTICE  OF 

COOKERY,  adapted  to  the  business  of  Eveiy-day  Life.  By  Mrs.  Dal- 
GAIRNS.  he  best  book  for  Scotch  dishes.  About  Fifty  new  Recipes  have 
been  added  to  the  present  Edition,  but  only  such  as  the  Author  has  had 
adequate  means  of  ascertaining  to  be  valuable.  Sevatteenth  Ediiian, 
Fcap  8vo.     Cloth.     {In  preparation,) 

GILMER'S  INTEREST  TABLES;  Tables  for 

Calculation  of  Interest,  on  any  sum,  for  any  number  of  days,  at  ^,  l» 
lK»  2,  zYzy  3,  3>^,  4,  4>^,  5  and  6  per  Cent.  By  Robert  Gilm£K. 
Corrected  and  enlarged.     Eleventh  Edition,     i2mo.     Cloth,  5/. 

GRy^ME  (Elliott) :  BEETHOVEN:    a  Memoir. 

With  Portrait,  Essay,  and  Remarks  on  the  Pianoforte  Sonatas,  with 
Hints  to  Students,  by  Dr.  Ferdinand  Hiller,  of  Cologne.  Tktrd 
Edition,     Crown  8vo.     Cloth  gilt,  elegant,  5/. 

"This  elegant  and  interesting  Memoir.  •  ,  •  ^  •  The  newest,  prettiest,  and  most 
readable  sketch  of  the  immortal  Master  of  Music." — Musical  Standard, 

"A  ^cious  and  plcas.^nl  Memorial  of  the  Ccnien.iry."— i/rr/tf/^r. 

"  This  delight/uf  little  book  —  concise,  sympathetic,  judicious."  —  Manchester 
E.rnmitter. 

"We  can,  without  reservation,  recommend  it  as  the  most  trustworthy  and  the 
plcasantest  Memoir  of  Beethoven  published  in  England.**— f^^jrrrm 

"  A  most  readable  volume,  which  ought  to  hnd  a  place  in  the  library  of  every 
admirer  of  the  great  Tone-Poet." — Edinburgh  Daily  Rcvtew, 

A    NOVEL    WITH    TWO   HEROES. 

Second  Edition,     In  2  vols.     Post  8vo.     Cloth,  21/. 

"  A  decided  literary  s\xcce^,**-^Athcn<rum. 

"  Clever  and  amusing  .  .  .  above  the  average  even  of  good  novels  .  .  .  fite 
from  sensationalism,  but  full  of  interest  .  .  .  touches  the  deeper  chords  of  life 
.    .    .     delineation  of  character  remarkably  good."— Spectator. 

'*  Superior  in  all  respects  to  the  common  run  of  novels." — Daily  A'ews. 

"  A  story  of  deep  interest.  .  .  .  The  dramatic  scenes  are  powerful  aloiott  to  pttK 
fulness  m  tbeu-  mtensity."  — Scotsman. 
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THE  EMERALD  SERIES  OF  STANDARD  AUTHORS. 

Illustrated  by  Engravings  on  Steel,  after  Stothard,  Leslie,  David 
Roberts,  Stan  field,  Sir  Thomas  Lawrence,  Cattermole,  &c, 
Fcap  8vo.     Cloth,  gilt 

Particular  attention  is  reqTiested  to  this  very  beautiful  series.  The  delicacy  of  the 
engravings,  the  excellence  of  the  typography,  and  the  quaint  anti(}uc  head  and  tail 
pieces,  render  them 'the  most  beautiful  volumes  ever  issued  from  the  press  of  this 
country,  and  now,  unquestionably,  the  cheapest  of  their  class. 

BURNS'   (Robert)   SONGS  AND   BALLADS. 

With  an  Introduction  on  the  Character  and  Genius  of  Bums.  By 
Thomas  Carlyle.  Carefully  printed  in  antique  type,  and  illustrated 
with  Portrait  and  beautiful  Engravings  on  SteeL  Second  Thousand, 
Cloth,  gilt  edges,  3/. 

BYRON   (Lord):   CHILDE    HAROLD'S    PIL- 

GRIMACE.  With  Memoir  by  Professor  Spalding.  Illustrated  with 
Portrait  and  Engravings  on  Steel,  by  Greatbach,  Miller,  Lightfoot, 
&c.,  from  Paintings  by  CatterMole,  Sir  T.  Lawrence,  H.  Howard, 
and  Stothard.  Beautifully  printed  on  toned  paper.  Third  Thousand, 
Cloth,  gilt  edges,  3/. 

CAMPBELL   (Thomas):    THE    PLEASURES 

OF  HOPE.  With  Introductory  Memoir  by  the  Rev.  Charles  Rogers, 
LL.D.,  and  several  Poems  never  before  published.  Illustrated  with  Por- 
trait and  Steel  Engravings.     Second  Thousand,     Cloth,  gilt  edges,  3/. 

CHATTERTON'S    (Thomas)    POETICAL 

WORKS.  With  an  Original  Memoir  by  Frederick  Martin,  and 
Portrait.  Beautifully  illustrated  on  Steel,  and  elegantly  printed.  Fourth 
Thousand,     Cloth,  gilt  edges,  3/. 

GOLDSMITH'S  (Oliver)  POETICAL  WORKS. 

With  Memoir  by  Professor  Spalding.  Exquisitely  illustrated  with  Steel 
Engravings.  Nnv  Edition.  Printed  on  superior  toned  paper.  Sevtnth 
Thousand,     Cloth,  gilt  edges,  3/. 

GRAY'S  (Thomas)  POETICAL  WORKS.    With 

Life  by  the  Rev.  John  Mitford,  and  Essay  by  the  Earl  of  Carlisle. 
With  Portrait  and  numerous  Engravings  on  Steel  and  Wood.  Elegantly 
printed  on  toned  paper.  Eton  Edition^  with  the  Latin  Poems,  Sixth 
Thousand,     Cloth,  gilt  edges,  5/. 

HERBERT'S   (George)   POETICAL  WORKS. 

With  Memoir  by  J.  NiCHOL,  B.  A.,  Oxon,  Prof,  of  English  Literature  in 
the  University  of  Glasgow.  Edited  by  Charles  Cowden  Clarke. 
Antique  headings  to  each  page.     Second  7'housattd,     Cloth,  gilt  edges,  3/. 

KEBLE    (Rev.     John):    THE     CHRISTIAN 

YEAR.     With  Memoir  by  W.  Temple,  Portrait,  and  Eight  beautiful 

Engravings  on  Steel.    Second  Thousand, 

Cloth,  gilt  edges,        ,         .         •        •       Sl' 
Morocco,  el^;ant,        ....     10/6. 
Malachite, 12/6. 
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The  Emerald  Series— (C9if//>f»^<0- 

POE'S  (Edgar  Allan)  COMPLETE  POETICAL 

WORKS.     Edited,  with  Memoir,  by  James  Hannay.     Fall-page  Ill»- 

trations  after  Wjshnert,  Weir,  &c.    Toned  paper.    ThirUerUh  TA^usamd, 

Cloth,  ^It  edges,         .        .        .        •      3/- 

Malachite, lo/6« 

O^A^r  vo/umts  inprt^rtUion. 

MACKEY'S   FREEMASONRY: 

A  LEXICON  OF  FREEMASONRY.  Containing  a  definitioQ  of  its 
Communicable  Terms,  Notices  of  its  History,  Traditions,  and  Antiauities, 
and  an  Account  of  all  the  Rites  and  Mysteries  of  the  Ancient  Worlo.  By 
Albert  G.  Mackey,  M.D.,  Secretary-General  of  the  Supreme  Comidl 
of  the  U.S.,  &c.  Eighth  Edition^  thoroughly  revised  with  Appendix  by 
Michael  C.  Peck,  Prov.  Grand  Secretary  for  N.  and  E.  Yoricshire.  Hand- 
somely bound  in  cloth,  6/. 


'  Of  Mackey's  Lbxicon  it  would  be  impossible  to  speak  in  too  high  terms  ;  suffice  it 

say,  that,  in  our  opinion,  it  ought  to  be  in  the  hands  of  every  Mason  who  would 

thoroughly  understand  and  master  our  noble  Science.     .    .     .     No  Masonic  Lodge  or 


to  say,  that,  in  our  opinion,  it  ought  to  be  in  the  hands  of  every  Mason  who  would 
thoroughly  understand  and  master  our  noble  Science.     .    .     .     No  Masonic  ' 
Library  should  be  without  a  copy  of  this  most  useful  work." — Maumic  News, 


HENRY  MAYHEWS  CELEBRATED  WORK  OH 
THE  STREET-FOLK  OF  LONDON. 

LONDON   LABOUR  AND  THE  LONDON 

POOR :  A  Cyclopaedia  of  the  Condition  and  Earnings  of  ikose  that  will 
work  an i  those  that  cannot  work.  By  Henry  Mavhbw.  With  many 
full-page  Illustrations  from  Photographs.  In  three  vols.  Demy  S^a 
Cloth.     Each  vol.  4/6. 

"  Every  page  of  the  work  is  full  of  valuable  information,  laid  down  in  so  iaterestng  a 
manner  that  the  reader  can  never  \Sx^.^*—IUMStrated  London  Srwt. 

"  Mr.  Henry  Mayhew's  famous  record  of  the  habits,  eammgs,  and  suflTeiings  of  the 
London  poor." — LloytTs  Weekly  London  NrU'Spaper. 

"This  remarkable  book,  in  which  ftfr.  Mayhew  gave  the  better  classes  their  first  real 
insight  into  the  habits,  modes  of  livelihood,  and  current  of  thought  of  the  Loodoa 
poor."—  Th4  Patriot. 

The  Extra  Volume, 

LONDON    LABOUR  AND   THE  LONDON 

POOR :  Those  that  will  not  work.  Comprising  the  Non-workeis,  by 
Henry  Mayhew  ;  Prostitutes,  by  Bracebridge  Hbmyng  ;  Thieve^ 
by  John  Binny  ;  Beggars,  by  Andrew  Halliday.  With  an  Intro- 
ductory Essay  on  the  Agencies  at  Present  in  Operation  in  the  Metropolis 
for  the  Suppression  of  Crime  and  Vice,  by  the  Kev.  William  Tuckniss, 
B.A.,  Chaplain  to  the  Society  for  the  Rescue  of  Young  Women  and 
Children.  With  Illustrations  of  Scenes  and  Localities.  In  one  laige 
vol.     Royal  8vo.     Cloth,  10/6. 

"The  work  is  full  of  interesting  matter  for  the  casual  reader,  while  the  phifaukthioittst 
and  the  philosopher  will  find  details  of  the  greatest  import."— Ci(f  Pms, 
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Mr.  Mathxw's  London  Labour— (CVw/^imk/). 

CompcnioH  volume  io  the  precidkig, 

THE  CRIMINAL  PRISONS  OF  LONDON, 

and  Scenes  of  Prison  Life.  By  Henry  Mayhxw  and  John  Binnt.  lUiis- 
trated  by  nearly  two  hundred  Engravings  on  Wood,  prindpallj  from 
Photographs.    In  one  laige  voL    Imperial  8vo.    Cloth,  10/6. 

This  volume  concludes  Mr.  Henry  Bfayhew's  account  of  his  researches  mto  the 
crime  and  poverty  of  London.  The  amount  of  labour  of  one  kind  or  other,  which  the 
whole  series  of  his  publications  represents,  is  something  almost  incalculable. 

%*  This  celebrated  Record  of  Investigations  into  the  condition  of  the  Poor  of  the 
Metropolis,  undertaken  from  philanthropic  motives  by  Mr.  Hbnky  Mayhbw,  first  gave  the 
wealthier  classes  of  England  some  idea  of  the  state  of  Heathenism,  Deapradation,  and  Misery 
in  which  multitudes  of  their  poorer  Inethxen  languished.  His  revelations  created,  at  the 
time  of  their  appearance,  universal  horror  and  excitement— that  a  nation,  professedly 
CArisHoM,  should  have  in  its  midst  a  vast  population,  so  sunk  in  ignorance|  vice,  and  very 
hatred  of  Religion,  was  deemed  incredible,  until  fiixther  examination  established  the  truth 
of  the  statements  advanced.  The  result  is  well  known.  The  London  of  Mr.  Mayhkw  will, 
happily,  soon  exist  only  in  his  pages.  To  those  who  would  appreciate  the  efforts  already 
made  among  the  ranks  which  recruit  our  "dannious"  classes,  and  who  would  learn  what 
yet  remains  to  be  done^  the  wock  will  afford  enligutennient,  not  onmingled  with  soipriae. 


POE'S  (Edgar  Allan)  COMPLETE  POETICAL 

WORKS.  Edited,  with  Memoir,  by  Jambs  Hannay.  Full-page  Bios- 
trations  after  Wehnxkt,  Wkir,  and  othen.  In  paper  wrapper, 
ninstrated,  1/6. 

SOUTHGATE  (Mrs.    Henry):    THE  CHRIS- 

TI  AN  LIFE :  Thoughts  in  Prose  and  Verse  from  the  Best  Writers  of  all 
Ages.  Selected  and  Arranged  for  Evezy  Day  in  the  Year.  Second 
Edition.     Qoth  El^ant,  5/. 

THOMSON  (Spencer,  M.D.,  L.R.C.S.,  Edinburgh, 

and  J.  C.  STEELE,  M.D,,  of  Guy»s  Hospital) : 

DOMESTIC  MEDICINE  AND  HOUSEHOLD  SURGERY  (A 
Dictionary  oi).  Thoroughly  Revised  and  in  part  Re- Written  by 
the  Editors.  With  a  Chapter  on  the  Management  of  the  Sick-room,  and 
many  Hints  for  the  Diet  and  Comfort  of  Invalids.  With  many  new  En- 
gravings. Twmty'Hxth  Edition,  Royal  8vo.  Cloth,  10/6.  (See  page  3 
of  Wrapper.) 


si  QXKJSBAL  LiTBkATUttiL 

MR.   SOUTHGATE'S  WORKS. 

"  No  one  who  is  in  the  habit  of  writinfand  spealdng  mnch  on  aratietf  of  floliiieots  eta 
affard  to  dispense  with  Mr.  SOUTHGATE'S  yfovar^-Gkugnv  Stmt, 

First  Skriss— Thirty-Fifth  Edition.    Sbcond  Sjbribs^ 
Ninth  Edition. 

MANY   THOUGHTS   OF    MANY    MINDS: 

Selections  and  Quotations  from  die  best  Anthors.    Compiled  and 
Analytically  Arranged  by 

HENRY    SOUTHGATR 

In  Square  8vo,  el^;antly  printed  on  Toned  Paper. 
Presentation  Edition,  Cloth  and  Gold,        .        .        •        •    Each  VoL  12/61 

Libraiy  Edition,  Roxbuighe, „         14/. 

Ditto,  Morocco  Antique, .  „         21/. 

Each  Series  complete  in  itself^  and  sold  separately, 

**  The  produce  of  year*  of  reaeaxch.*''^Bxamitur. 

"A  UAGNiPiCBMT  GiVT-BOOK,  appropriate  to  aU  timet  and  aeasoaa.*— ^nrramiwa 
Magasifu, 

**  Not  so  much  a  book  as  a  library."— /'ofriff^. 

"  Pkeachers  and  Public  Speaken  will  find  that  the  wock  has  special  uses  for  them.*— 
EdtMiurgk  Daily  Review,  

BT   THB    SAMB   AUTHOR. 
Now  Ready^  Third  Edition. 

SU66ESIIYE  THOUeHIS  ON  BEimiOUS  SUBJECTS: 

A  Dictionaiy  of  Quotations  and  Selected  Passages  from  nearly  1,000  of 

the  best  Writers,  Ancient  and  Modem. 

Compiled  and  Analytically  Arranged  by  HENRY  SOUTHGATE.  In 

Square  8yo,  el^;antiy  printed  on  toned  paper. 

Presentation  Edition,  Cloth  Elegant, ,  10/61 

Library  Edition,  Roxburghe, 12/. 

Ditto,  Morocco  Antique, ao/. 

"The  topics  treated  of  areas  wide  as  our  Christianity  itself:  the  writen  ({noted  from,  of 
every  Section  of  the  one  Catholic  Church  of  JESUS  CHRIST."— ^wMvr^i  Prwfitee. 

'<  This  is  another  of  Mr.  Southgate's  most  valuable  volumes.  .  .  .  The  missiaa  which 
the  Author  is  so  successfully  prosecuting  in  literature  is  not  only  hig^ilv  beneficial,  bat  neoes- 
sarv  in  this  age.  ...  If  men  are  to  make  any  acquaintance  at  ail  with  the  great  minds 
of  the  world,  they  can  only  do  so  with  the  means  which  our  Author  supplies."— /^Mn£fl 

"A  casket  of  gems."— fm^^A  ChMrckman, 

"  Mr.  Southgate's  woric  has  been  compiled  with  a  mat  deal  of  judgment,  and  it  win,  I 
trust,  be  extensively  useful."— JCrv.  Ca$%oH.  Liddon»  DM.,  D.C.L, 

"  Many  a  busy  Christian  teacher  will  be  thankful  to  Mr.  Southgate  for  having  noeaithed 
so  many  ridi  gems  of  thought ;  while  many  outside  the  ministerial  drde  will  obtam  stimaltt% 
encouragement,  consolation,  and  counsel,  within  the  pages  of  this  Ka«iHyimt»  volume."— 
NwcoM/ormisi, 

"  Mr.  SouTHGATB  is  an  indefatigable  labourer  in  a  field  whidi  he  has  made  pecnfiariy 
his  own.  .  .  .  The  labour  expended  on  '  SujEgestive  Thoughts '  mxM  have  been  immense, 
and  the  result  is  as  nearly  perfect  as  human  fiRlCbility  can  make  it.  .  .  .  Apart  from  the 
selections  it  conteins,  the  book  is  of  vahie  as  an  indeac  to  fheological  wridngs.  Asamoddof 
Jodidoo^  ]omL  and  tOflnttive  treatment  of  a  8ii1:decl^  we  may  lefrr  our  leadocs  to  Oe 
^^%it'^^^L^^^  '  ^^■**"''    *«■«»««»  aadiliustnrtod  m  'Soggeslive 


A  BOOK  NO  FAMILT  SHOULD  BB  WITHOUT. 


N«w  IsMM  of  this  important  Work— Enlarged,  in  part  Rewritten,  and 
thoroughly  Revised  to  datOi 

Twenty-Sixth  Edition.     Royal  9vo,  Handsome  Cloth,  lof.  td. 

A    DICTIONARY    OF 

DOMESTIC  MEDICINE  AND  HOUSEHOLD  SURGER 

BY 

SPENCER  THOMSON,  M.D.,  Edin.,  LR.C.S., 

BEVISED,  AMD  IN  PAUT  RE-WmTTEM,  BY  THE  AUTHOR, 

AND  BT 

JOHN  CHARLES  STEELE,  M.D., 

Of  Guy's  Hospital. 

With  Appendix  on  the  Management  of  the  Slok-room,  and  many  Hints  for  \ 
Diet  and  Comfort  of  Inyalida. 


In  its  New  Fonn,  Dr.  Spsncbr  Thomson's  "Dictionary  of  Domestic  Mbdici: 
fully  sustains  its  reputation  as  the  "  Representatiye  Book  of  the  Medical  Knowledge 
Practice  of  the  Day^'  applied  to  Domestic  Requirements. 

The  most  recent  Improvements  in  the  Treatment  of  the  Sick— in  AppLiAh 
for  the  Relief  of  Pain— and  in  all  matters  connected  with  Sanitation,  Hygibnk, 
the  Maintenance  of  the  General  Health— will  be  found  in  the  New  Issue  in  clear 
full  detail ;  the  experience  of  the  Editors  in  the  Spheres  of  Private  Practice  and  of  Hos] 
Treatment  respectively,  combining  to  render  the  Dictionary  perhaps  the  most  thorouj 
practical  work  of  the  kind  in  the  English  Language.  Many  new  Engravings  have  I 
mtroduced— improved  Diagrams  of  different  parts  of  the  Human  Body,  and  lUustratiox 
the  newest  Medical,  Surgical,  and  Sanitary  Apparatus. 

\*  All  Direethns  given  in  such  a  firm  <u  tobe  rmtHfy  and  safely  folhwed. 


FROM  THE  AUTHOR'S  PREFATORY  ADDRESS. 

"Without  entering  upon  that  difficult  ground  wUch  correct  professional  knowledji^e  and  educated 
ment  can  alone  pennit  to  oe  safely  trodden,  there  is  a  wide  and  extensive  field  for  exertion,  and  for  useful 
open  to  the  unprofessional,  in  the  kindly  offices  of  a  tnu  DOMESTIC  MEDICINE,  the  timely  hetj 
solace  of  a  simple  HOUSEHOLD  SURGERY,  or,  better  still,  in  the  watchful  care  more  generally  kn^ 
'  sanitary  precaution,'  which  tends  rather  to  preserve  health  than  to  cure  disease.  'The  tou« 
gentle  hand '  will  not  be  less  gentle  because  guided  by  knowledge,  nor  will  the  sa/t  domestic  remedies  | 
anxiously  or  carefully  administered.  Life  may  be  saved,  suffering  may  always  he  alleviated.  Even  \ 
resident  in  the  midst  of  civilization,  the  '  KNOWLEDGE  IS  POWER,'  to  do  good ;  to  the  settl« 
emigiant  it  is  INVALUABLE."  

"  Dr.  Thomson  has  fuUy  succeeded  in  couvyiug  to  the  public  •  vast  amount  of  umIuI  prof«M 
knowledge. ''•/7«»&s  Jimmal^  M§diemlSeienet, 

**  The  amount  of  useful  knowledge  oouTeyed  in  this  Work  is  surprising.''— Jf«Alra/  Timn  tmi  G0u\ 
"  WoBTH  ITS  wBiGHT  iM  GOLD  TO  VAMiLin  AMD  THS  ciMaat,*'—Oji(^rd  HtrmltL 


..J 


FIRST  8ERIE8-THIRTY'FIFTH  EDITION. 
SECOND  SERIES-NINTH  EDIJION, 

«ANY  THOUGHirOF  MANY  MINDS: 

i  TnMofj  of  B«te»06,  ooaiigtfaig  of  BdiotloBi  ftm  tko  Wiltiip  flf  tkt  Mrt 
Odobntodivtbon.   nBST  AID  BEOOID  BEBIEB.  OoapU  ud  AnljtiMnjinMfrf 

By  HENBT  SOUTHGATE. 


PnMOtAtton  B4itlon,  OMhMiAQoll      m.      «•      laiLfloMb 
Ubraiy  Bditlon,  Etft  Boand,  BocbiBi^  •«      «.      14ib  „ 

PO«f  MQSQOOO  Alllll|IN     M*         ttt         mt        11&  |» 


••Kaxt  TBOii«m,'te.an  trtiloiittj  ttio 
ptodoM  of  7«tn  of  WMMch.*— JBwwrfiMr. 

**  Maigr  baaatlfol  tTBmpli  o(  thought  ud  i^to 
■n  to  be  foond  among  the  eeieottone  ■*— leader. 

«  There  cui  be  little  doabt  that  it  ledeetlned  to 
teke  •  high  pleoe  vnong  booin  o(  thii  olaen''^ 
licut  and  QimlM. 

**  ▲  treesnre  to  eteiy  nider  v1m>  mej  be  f orta- 
Bite  enough  to  poeeeei  iL  Ite  penieal  ie  like  in- 
baling  weennee ;  we  have  the  oream  only  of  the 
treat  anthonqooted.  HenaUareaeediorgeine.'' 
-XmglUh  Jonrmai  qf  RdmoaHmi. 

-iSi.  Soathgate^  reading  win  be  foond  to  ex- 
tend orer  neany  the  whole  known  field  ot  liters 
me,  eaoient  and  modem.''  Omtltmm^t  Jiagth 
tbu. 

<*We  have  no  heiltatlon  In  prononndng  it  one 
if  the  moet  important  books  of  the  eeeeon.  Ondit 
8  dne  to  the  pablieben  for  the  eleganoe  with 
f  hioh  the  work  ie  got  np.  and  for  the  estnme 
leaaty  and  oorreotneei  of  the  typogxaphy.**— 
Homing  (^ronieU. 

*  Of  the  nomerooe  volamee  of  the  Und,  we  do 
ict  remember  having  met  with  one  in  whioh  the 
election  wae  more  JadicioDe,or  the  aoonmnlatloa 
i  treaeane  eo  traly  wonderfnl.**-Jfor>iiw^  J7«rald. 

"The  eeleotion o(  the eztnote haa  been  made 
fith  taete^  jiidgment,  and  oiitloia  nioety.''^ 

«<  Thie  ie  awondrouboo^  andoontelni  agreat 
aany  game  of  thooghth"— iWiy  Ntm, 

**  As  a  work  of  retoenoe»  it  will  be  an  aoqoiri- 
Ion  to  any  man's  library.*'— /MIMcf^  Oiroular, 

**  This  volnme  oontains  more  gems  d  thooght, 
eflned  sentiments,  noble  ailoms,  and  extraotable 
antenoes,  than  have  ever  before  been  bronght  to- 
other in  oor  langoage."— A0  FUUL 

«  Ail  that  the  poet  has  dceoribed  of  the  beantifnl 
1  natora  and  art.  all  the  axioms  of  experlenoe, 
16  collected  wisdom  of  philosopher  and  eege,  are 
amered  Into  one  he^><»asefal  and  well-arnaged 
istmotion  and  amusement.''— flks  Era, 

•*The  oolleotlon  will  prove  a  minerioh  and  fn- 
g^*MgMe.tothosein  searoh  •(  aqnotaMoa.*'— 


"  Wmbi  ftNBDd  to  bi  worth  I 
ty  tttnaiy  men."— fftt^alldar. 

"Bvwypage  U  kden  with  tb«  wvOlh  «f  pn> 
floondeet  tbM^  and  an  agkm  with  the  WItal 
famrintions  of  MBiM.'*-Aer. 

*'The  work  of  Mr.  Soothgnto  Iv  ootoUpe  dl 
othenof  itskind.  TolhaeimynaB,Jhiaiilhob 
the  artisl,aadlhaeBBayislk'MiiivT1ioi«hta9 


Many  Minds' oanaotl 
oolable  eervioa.'— JiMitary*  JTsrearp. 
"  We  have  no  hMHellog  wtrntawr  to  < 

Mr.fioathgate'k  as  the  very  beet  book  oClhae . 

There  is  positively  nothing  of  the  Uad  to  the  hM- 
gnage  that  will  bear  a  noniasit  j  or— iji— ii»  mu^ 

"  There  Ie  no  mood  to  whioh  we  oaa  taka  Hap 
withoot  deriving  from  it  tostniotton,consototion, 
andamoeement.  We  heartily  thank  M^.Sootfagate 
for  a  book  whioh  we  shall  regard  ee  one  of  ear 
best  friends  and  oompantoML''~aMitnrfpi 
CktonieU. 

*This  work  pewasiSB  the  merit  of  being  a 
MAONinoBHT  OlfT-BOOK,  appropriate  te  sS 
tlmee  and  eeasons ;  a  book  oakinlatwi  tobsof  me 
tothe  eohohff,  the  divine,  and  the  pobUo  om.* 
-^Freemtuom*t  Magmaiim, 

**It  isnotsomooha  book aa a Bhniy  of  qne- 
tiitione.'*-/teKo<. 

«  The  qnoutkms  abooBd  to  that  Aenfli  whioh 
ii  the  mainspring  of  mental 
poolCowitr, 

''Vorporpoeesof  appostto  qiototlon,  it  c 
be  snrpaased.  **— Bristol  l%mei. 

"It  is  impossible  to  pick  oat  a  single  pasi  _ 
the  work  which  doeinot,  npon  the  noe  of  It,  joe- 
tify  iU  seleotion  by  ito  intdnato  merit.*"— Aorerf 
C^womctt, 

"WearenotsarnriBedthaiaSBOOHB  Bntm 
of  this  work  shoold  have  been  oaUed  tar.  Mr. 
Soothgate  has  the  catholio  tastee  dedrable  in  e 
good  Bditor.  Preachers  and  public  epthkew  will 
find  thatU  has  ipeoial  naas  tor  them,*— Jtfiatory> 
Daily  Rtvitw. 

*  The  BBOOKD  Snuas  f&ny  eoetains  the  d» 
served  repntation  of  the  FlBsr.**— «^oilto  AA 


LONTX)N?   CHAHtra  OBrPTTN  *  COOTA^STf. 
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